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FOREWORD 


In ch< 1940 'a and SO* a NACA^ waa heavily engaged in reaearch 
to develop auitable ice protection methoda for the aircraft of that 
period. The work waa conducted both at the Lewia Reaearch Center, 
Cleveland, Ohio, and at the Aaea Reaearch Center, Moffett Field, 
California. NACA devoted aeveral hundred man-yeara of reaearch to 
the aircraft icing problem. During thia aane period, auiny othera 
in the United Statea, aa well aa in Canada, Europe, Great Britain, 
and Ruaaia were alao working on the aircraft icing problem. 

In the mid 1950 'a when the hot-air ice protection ayatem waa 
perfected for the large jet tranaporta such as the KC 135, NACA 
terminated its large icing program. Lewis, however, continued to 
make available its 6- by 9-foot Icing Research Tunnel to the air- 
craft industry for developing and certifying ice protection equip- 
ment. These testing activities remained at a low level during the 
1960 's and early 70 *s. In the last few years, however, the number 
of requests for testing in the tunnel has steadily increased to the 
point where the tunnel is now continually occupied. 

In the 1978 Aircraft Icing Workshop, ^ the recommendation was 
made that before attacking what appeared to be a new icing problem 
we should study the icing work of the 1940 *s and 50' s. The docu- 
ments of that period were so old, however, that they were not 
listed in the modern computerised library search systems, and some 
of these documents were out of print. Fortunately, U. H. von Glahn 
had prepared a selected bibliography of the NACA-NASA publications 
in aircraft icing. This bibliography was furnished to those who 
requested information about the NACA works. But some of the cita- 
tions in the bibliography were those that were out of print. 

In 1979, both the AGARD Working Group (WG-09) on Rotorcraft 
Icing and the Helicopter Icing Panel SAE AC-9 Committee urged NASA 
to reissue the publications cited in von Glahn 's bibliography. 
Concurrently, industry and other government organisations requested 
that these reports be reissued. 

The present report was prepared in response to those re- 
quests. The items contained in this report are as follows: 

1. A reprint of a survey article by U. H. von Glahn entitled 
"The Icing Iroblem: Current Status of NACA Techniques and Re- 

search." The status report presents the main results of the NACA 
icing program from 1940 to 1950. 


^The National Advisory Conmittee for Aeronautics, now the 
National Aeronautics and Space Administration (NASA). 

^Held at Lewis Research Center. Cleveland, Ohio. July 19-21, 
1978. ('^Aircraft Icing, NASA CP-2086, FAA-^-78-109.) 


X 


2. A selected bibliography of 132 NACA-NASA aircraft icing 
publications as subsequently compiled by U. H. von Glahn. It in- 
cludes publications from 1940 to 1962 • 

3. A technical sunmary of each document cited in the selected 
bibliography except for document 132. 

4» A microfiche copy of each document cited in the selected 
bibliography except for document 132. A full-siae hard copy or a 
nirrofiche copy of it may be obtained from the National Technical 
•..formation Service. 

This report and each document cited in its selected bibliog- 
raphy have been incorporated into HBCOH, NASA's computerUed tech- 
nical information data bank and are retrievable. Full-siae copies 
of these documents may be purchased from the National Technical 
Information Service, Springfield, Virginia, with the exception of 
two reports, 125 and 131. These two are available from the Soci- 
ety of Automotive Engineers. 


John J. Reinmann 
Lewis Research Center 


THE ICING PROBLEM - CURRENT STATUS OF NACA TECHNIQUES AND RESEARCH 

By Uwe H. von Glahn 

National Advisory Coomittae for Aaronaucica 
Lewis Flight Propulsion Laboratory 
Claveland, Ohio 

Icing of aircraft components such as airfoil surfaces and engine-inlet 
systems similar to those shown in figure 1 creates a serious operational 
problem. Aircraft are now capable of flying in icing clouds without diffi- 
culty, however, because research by the NACA and others has provided the 
engineering basis for icing protection systems. This paper summarises some 
of the techniques used in NACA programs to solve aircraft icing problems and 
indicates the scope of the data available for the design of aircraft icing 
protection systems. In addition, appendixes A to C discuss the NACA Lewis 
icing facilities in detail, specific test equipment and techniques used in 
conducting tests in icing wind tunnels, and several icing instruments. 

Icing of aircraft surfaces occurs when liquid cloud droplets cooled 
below the freexing temperature impinge on a surface Chat is also below 
freeeing. All surfaces Chat are exposed Co the direct impingement of super- 
cooled water droplets therefore may require icing protection (fig. 2). The 
site and extent of icing on an airplane component is a function of cloud 
liquid-water content, droplet site, and air temperature, physical dimensions 
and shape of Che component (site, shape, and attitude), and operating condi- 
tions (airspeed and altitude). 

A body moving through a cloud of water droplets, in general, will not 
intercept all Che droplets originally contained in the volume of air swept 
out by the projected frontal area of the body (fig. 3). As the droplets 
reach the vicinity of Che body, the air streamlines flow around the body. 

The droplets, because of their momentum, tend to maintain straight paths 
Coward Che body; however, a drag force imposed by the relative velocity of 
Che air with respect to a droplet tends to cause Che droplet to follow Che 
air streamlines. The relative magnitudes of the momentum and drag forces 
determine Che droplet path. The path of droplets in the flow field can be 
determined analytically with particle trajectory equations. In order Co do 
this, however, the site of Che cloud droplets must be kno%m. This informa- 
tion has been obtained with instrumented aircraft in flight through icing 
clouds. Two of Che most widely used methods of obtaining cloud icing data 
are rotating mulcicylinders and the pressure-type icing-rate meter. 

The rotating-mulcicy linder method has been used extensively to collect 
data on both droplet -site distribution and liquid-water content in super- 
cooled clouds (refs. 1 to 4) . The collection of ice by che cylinders is 
similar to the collection of ice by airplane conqtonencs. Therefore, che 
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data obtained by this method have been valuable in designing ici<ig protec- 
tion systems for airplanes. In this method, several cylinders of different 
diameter rotating on a common axis are exposed from an aircraft in flight or 
in an icing tunnel to supercooled cloud droplets as shown in figure 4. Dur- 
ing the exposure period, the cylinders collect ice. The cylinders are rota- 
ted in order to obtain uniform ice collection around the circumference and 
thereby to preserve a circular cross section. 

After exposure, the diameters of the iced cylinders are measured and 
the iced cylinders are weighed. The measurement of droplet sise and water 
content is based on the principle chat cylinders of different sises collect 
different quantities of ice per unit frontal area. The ice collection of 
each cylinder is expressed in terms of a collection efficiency that has been 
obtained theoretically. The liquid water content, average droplet sise, and 
droplet -size distribution are obtained by a comparison of the measured 
weight of ice collected on each cylinder with calculated values of collec- 
tion efficiency. The method is applicable only in clouds where Che tempera- 
ture is below 0^ C. 


The pressure-type instrument (ref. 3) operates on the differential 
pressure created when small total pressure holes plug with ice accretions, 
as illustrated in the sketch of figure 5. The small total-pressure holes in 
the ice-collecting element, which are vented to static pressure through a 
small orifice, are balanced against a nun-vented, ice- free total pressure in 
a differential pressure switch. When these small total-pressure holes plug 
from ice accretion, Che pressure in Che corresponding side of the pressure 
switch approaches static by bleeding through the static orifice, and a dif- 
ferencial pressure is erected between Che iced and ice- free systems. Con- 
tinuous operation is obtained by allowing the differential pressure switch 
Co energize an electrical heater chat de-ices the ice- plugged total-pressure 
holes. The pressures in Che two systems then tend Co equalize, opening Che 
pressure switch and allowing the cycle to be repeated. The heat-off time of 
this cyclic process is used as a measure of Che period of time required to 
plug the holes. This period of time is a function of Che rate at which ice 
accumulates on Che element containing the holes, because Che amount of ice 
accretion required for plugging is a constant value. The duration of the 
heat-off period is calibrated against a measured icing rate. An NACA 
flight-type film recorder is used to record continuously Che duration of Che 
heat-off or icing period, the heaC-on or de-icing period, the indicated air- 
speed, the air temperature, and the altitude. The icing rate is then used 
Co calculate Che water content of the icing cloud. This instrument is limi 
ted by water run-off at air temperatures near 0*^ C and high water con- 
tents, as are the rotating multi-cylinders. Also, it does not measure drop 
let size. Other icing instruments are discussed in appendix C. 

In general, the average droplet size in icing clouds is in the range of 
10 to 23 microns in diameter. In stratus clouds Che maximum water content 
is about 1.3 grams per cubic meter, while in cumulus clouds Che water concent 
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may be as high aa 3.3 grams per cubic meter. Fortunately, these high water 
contents extend over only a short horisontal distance. For cumulus clouds 
the extent of such high water contents is only about 1/2 mile, while for 
stratus clouds the high water contents usi.ally do not exceed 10 to 20 miles. 

The data obtained by the rotating-multicylinder method have been of 
significance in establishing meteorological design criteria for aircraft 
icing protection systems. These data, however, were based on flights by 
only a few aircraft in deliberately sought icing conditions. The data from 
the pressure-type meter have been obtained on a routine flight basis by a 
cooperative program between the NACA, conmercial airlines, and the United 
States Air Force. Some 30 aircraft were instrumented with these meters in 
various geographical areas of the world (fig. 6), including the North Atlan- 
tic, the continental United States, Alaska, the Pacific, and Japan. In ad- 
dition, the program has been supplemented by in-flight weather reconnais- 
sance reports from the Air Weather Service and Strategic Air Command air- 
craft over a two-year period. These data have been put on punch cards and 
are currently being analysed on IBM equipment. Because most of the data 
obtained from routine flights apply to low altitudes, special efforts are 
being made to obtain data on the occurrence of icing at altitudes above 
20,000 feet. Data obtained to date show that icing is rarely encountered 
about 30,000 feet because of the infrequency of clouds containing liquid 
water at the low temperatures associated with these altitudes. In addition, 
the severity of icing encountered above 30,000 feet is usually low except in 
scattered thunderstorm clouds. 

The impingement characteristics and the initial rate of ice formation 
on aircraft components can be obtained by either theoretical trajectory 
studies or experimental means, once the water content and droplet sizes of 
icing clouds are available. Most of the NACA analytical studies of droplet 
trajectories about various bodies (refs. 6 to 13) utilize a differential 
analyzer (fig. 7), since experience has shown that even the simplest manual 
calculations are time-consuming and inaccurate. The use of the differential 
analyzer in this work is described in reference 14. 

Typical results obtained from such a trajectory study are shown in fig- 
ure 8, in which the local impingement rate on an airfoil is plotted as a 
function of surface distance from the leading edge. The data shown are for 
a 13 percent symmetrical airfoil of 8-foot chord, angle of attack of zero, 
airspeed of 130 knots, and average droplet sizes of 8 and 13 microns. The 
greatest impingement occurs at the stagnation region and decreases rapidly 
with surface distance from the leading edge. An increase in average droplet 
size from 8 to 13 microns increases the local impingement rates and causes 
the impingement area to extend farther aft than with the smaller droplets. 

The differencial analyzer is difficult to use for droplet trajectories 
about bodies with complex air flows. Therefore, a wind-tunnel method using 
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a dye-cracer cechnique (ref. 15) is often used to obtain experimentally the 
droplet impingement on these bodies. In this technique (fig. 9), water 
treated with known small quantities of water-soluble dye is sprayed into the 
airstream a large distance ahead of the body by noss'.es. The surface of the 
body is covered with blotter paper upon which the dyed water droplets im- 
pinge and are absorbed. At the point of droplet impact, a permanent dye 
trace is obtained. The amount of dye obtained in a measured time interval 
can be determined by a colorimetric analysis of puncned-out segments of 
blotted paper (fig. 9) and converted into the quantity of water that pro- 
duced the dye trace. The maximum extent of impingement of the local dye or 
water deposit over the entire %ietted surface will yield the total amount of 
water collected by the body. This experimental technique requires a know- 
ledge of the droplet -size distribution and water content of the spray 
cloud. Methods of obtaining these parameters have been worked out and are 
included in the report concerning the technique (ref. 15). 

The total water catch and the extent of impingement on an airfoil sur- 
face obtained by the differential analyzer are compared in figure 10 with 
the experimental data (unpublished). These data are shown as a function of 
an impingement parameter which, in this case, depends primarily on the drop- 
let size squared, wing chord, and airspeed (ref. 16). These are typical 
results for a 15 percent-thick symmetrical wing at zero angle of attack. 

From a knowledge of the droplet impingement characteristics and meteor- 
ological parameters, the local water impingement rate or icing rate on com- 
ponent surfaces can be calculated. Unfortunately, the shape of the result- 
ant ice formation, which has a large effect on the aerodynamic penalties 
associated with component icing, can only be estimated based on limited ex 
perimental data, since the ice-formation shape is also a function of airfoil 
sweep angle, air temperature, and aircraft speed. Ice shapes can be gener- 
alized into two primary shapes, rime icing and heavy glaze icing (fig. 11). 
Rime icing is associated primarily with low air temperatures and results in 
relatively streamlined ice formations that blend into the body shape and 
cause little aerodynamic penalty. Heavy glaze icing results from high water 
contents, large droplets, and surface temperatures near freezing. This com- 
bination of meteorological conditions causes rough ice formations that 
protrude from the body surfaces into the airstream and cause large 
aerodynamic penalties. 

Early attempts to measure these penalties were made in flight through 
icing clouds. However, the general advantages of doing icing research in a 
tunnel where conditions can be controlled were recognized, and an icing re- 
search tunnel was built at the NACA Lewis laboratory. The Lewis icing tun- 
nel is a single-return closed-throat tunnel, the general arrangement of 
which is shown in figure 12. The test section is rectangular in shape, 9 
feet wide, 6 feet high, and 20 feet long. The maximum tunnel airspeed with 
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icing condicions and with a Large nodel in the test section is about 260 
knots. Air temperatures as low as -40** C can be obtained, although moat 
tests are conducted in the range of -3** to -20** C. 

% 

Icing conditions similar to those encountered in the atmosphere are 
created by a battery of air-water atomising nossles. A view of the spray 
system looking downstream into the test section is shown in figure 13. The 
spray nossles are mounted in six horisontal spray bars and located to give a 
uniform cloud approximately 4- by 4-feet in the test section. This cloud 
conforms to natural icing clouds measured in flight. Details of this icing 
tunnel, its equipment and instnmentation, as well as of several high-speed 
icing duct tunnels, are given in appendixes A and B. 

In order to determine the magnitude of the aerodynamic penalties asso- 
ciated with icing of lifting surfaces, airfoils of different sizes, thick- 
nesses, and shapes were tested in the Lewis icing tunnel over a wide range 
of angles of attack and icing conditions (refs. 17 and 18). Section-drag 
measurements during icing were obtained by means of an integrating wake sur- 
vey rake (fig. 14) and the tunnel force-measuring balance system. Lift and 
pitching moments were also measured with the balance system. 

A typical lift and drag curve for an NACA 0011 airfoil at an angle of 
attack of 2.3** is shoim in figure 13 as a function of time in glaze icing, 
together with a picture of th>> ice formation at the end of 18 minutes of 
icing (unpublished data). It is apparent that under these operating condi- 
tions the loss in lift of 12 percent and the increase in section drag of 270 
percent after 18 minutes of icing could constitute a serious problem for an 
aircraft. 

Ice formations on aircraft components can be prevented by flowing or 
spraying temperature-depressant fluids over the component surfaces (ref. 19) 
or by heating the surfaces (refs. 18 to 23). The work of the NACA has em- 
phasized the use of heat for icing protection. Component icing can be pre- 
vented by thermal means in two ways: (1) The surfaces can be raised to a 

temperature just sufficient to maintain Che impinging water in a liquid 
state over the entire surface, or (2) the surfaces can be supplied suffi- 
cient heat to evaporate Che impinging water in a specified distance aft of 
Che impingement area while Che remainder of the surface is unheated. Obvi- 
ously, it takes more heat per unit surface area to evaporate Che water than 
Co maintain Che same surface just above U** C. Calculations show, however 
(ref. 23), Chat Che total area Chat requires heating must also be considered 
in evaluating Che total heat requirement. Therefore, Che size of Che compo- 
nent will generally influence which of Che two methods of ice prevention is 
used. 

The beat supplied to a component for icing protection (fig. 16) warms 
the impinging water to the component surface temperature and evaporates part 
or all of the impinging water. Some heat is lost to the ambient air by con- 
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vection. Th« relative magnitudes of the external heat losses shoim in fig- 
ure 16 are typical for anti- icing a wing surface and are shown as a function 
of surface distance aft of an airfoil leading edge. In addition, some of 
the heat is lost to adjacent structure by conduction. The external heat- 
transfer processes from a heated, wetted surface were postulated by J. K. 
Hardy (refs. 24 and 25). The processes were substantiated by in-flight data 
obtained by the staff of the NACA Ames laboratory (ref. 20). The Ames tests 
employed an aircraft with electrically heated dorsal wings (fig. 17). The 
electrically heated airfoils were instrumented with thermocouples (fig. 18) 
so that, with the conductivity and thickness of the material known, the in- 
ternal heat loss could be calculated. Because of the thin outer skin, the 
chordwise heat conduction was considered negligible. Hence, the external 
local heat transfer was obtained from the total power input and the internal 
heat loss. 

Typical results obtained from these studies are shown in figure 16. 
These data show that the heat for evaporating the impinging water and that 
lost to the ambient air by convection are approximately equal. The heat 
required to raise the impinging water to the surface temperature is only a 
small fraction of the total heat input. At the leading edge the heat flow 
is about 3900 Btu/(hr)(sq ft), while aft of the impingement area the local 
heat flow is 2400 Btu/(hr)(sq ft) or less. 

In order to demonstrate that the results obtained in icing conditions 
in the tunnel were the same as those obtained in flight, a wing section car- 
ried on the C-Ab aircraft during the Ames laboratory flight tests was also 
tested in the icing tunnel, and the data were compared (ref. 21). The re- 
sults showed that in similar icing conditions, as determined by measurements 
of the cloud conditions by similar instruments, the data agreed satisfactor- 
ily. 


For high-speed, high-altitude aircraft, the icing-protection heat re- 
quirements (due to changes in heat transfer and evaporation considerations 
influenced by speed and altitude) of a thermal anti* icing system are exces- 
sive. For example, calculations showed that the heat required for evapora- 
ting all the water impinging on a jet powered transport exceeds 7,000,000 
Btu/hr. Since this heat would be taken from Che jet engines, a severe per- 
formance penalty would result (ref. 23). 

In order to reduce Che thermal requirements for airframe components, 
cyclic de-icing systems were studied. In cyclic de-icing, ice is permitted 
to form on the airplane surfaces and is Chen removed periodically by a short 
intense application of heat. During the heating period, the bond between 
the surface and the ice is melted and the ic ; is removed by aerodynamic for- 
ces. Only a few components or sections of a component are heated at a time, 
the rest being allowed to ice. Because the components are heated succes- 
sively, proper grouping of the components permits shifting of heat from one 
group to another and thereby maintaining a constant heat load. The icing or 
heat off time is determined by the amount of ice chat can be tolerated on a 
component without seriously affecting its performance. 
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Numerous thermal cyclic de-icing systems ifere studied in the Lewis 
icing tunnel, typical of which was the hot gas cyclically de-iced airfoil 
shown schematically in figure 19. The initial NACA design consisted of a 
conventional double skin, a two-way hot gas supply duct with valves for cy 
cling the hot gas into the plenum or D-duct running spanwise at the leading 
edge, and a conducting fin attached to the supply duct and airfoil skin at 
the leading edge near the stagnation region (ref. 26). A two-way gas-eupply 
duct was used so that the hot gas would flow outboard and return in an ad 
joining rear passage in order to maintain a constantly hoc supply line. The 
valves in the supply line open in spanwise sequence, thereby permitting a 
constant flow of gas in the forward passage and greatly avoiding thermal 
lags. Because the forward passage is continuously heated, the fin conducts 
heat to the skin at the stagnation region, thereby providing a narrow ice- 
free spanwise parting strip. This ice* free parting strip splits the ice cap 
Chat usually forms over Che nose of Che airfoil and facilitates ice removal 
by aerodynamic forces during Che heating period. 

The model was extensively instrumented with thermocouples in the skin 
and structural members and in Che air passages in chordwise planes at 
several spanwise locations. Flow to the various sections was carefully 
metered by orifices in the air-supply lines. Timing of the fast-acting 
pappet-type cycle valves was made with electronic timers. 

The results obtained from extensive studies of this model (refs. 26 and 
27) show chat savings in total heat input of as much as 75 to 90 percent of 
Che heat required to prevent ice on the same wing were achieved. Similar 
results were obtained at both Che NACA (ref. 28) and NAE facilities with 
electrically de-iced airfoils. Subsequent studies with a 36° swept wing 
(ref. 17) show that Che tangential air-flow component along the span is suf 
ficienc to eliminate the need of a spanwise ice-free parting strip for 
facilitating removal of Che ice formation. Systems similar Co Che NACA hot- 
air cyclic de-icing systems are currently being used by some manufacturers 
in the latest jet aircraft. 

The use of a cyclic de-icing system necessitates an evaluation of the 
aerodynamic penalties associated with Che ice formations permitted to build 
up during Che unheated portion of a cycle (fig. 20). A number of airfoil 
models were tested to obtain the drag characteristics of cyclically de-iced 
airtoils in icing conditions (refs. 17 and 18). The results of these tests 
show chat the drag and lift changes averaged over a cycle do not constitute 
a serious operational hazard if the length of the cycle can be adjusted to 
the serverity of the icing condition. 

In addition tr thermal de-icing systems, ice can be removed from most 
airfoil surfaces by a mechanical de-icing system consisting of a high- 
pressure pneumatic boot (fig. 21). In this system, inflatable tubes are 
sandwiched between two layers of rubber or neoprene. When ice forms on the 
outer surface of the boot, compressed air is bled periodically into the 
tubes which then inflate for a period of 3 to 6 seconds. Vacuum is applied 
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to thtt tubos to nointain tha surfaea Cluah during the off part of the 
cycle. Studies in the icing tunnel show that these de-icers will effective- 
ly reaove the main ice formations; ho«iever, the small flakes of residual ice 
adhering after the removal cycle will cause a section-drag increase of up to 
about 30 percent (unpublished data). Experimental studies indicate that 
removal of these residual ice formations by sublimation is a long process 
(ref. 29). These drag increases, therefore, can penalise aircraft perform- 
ance over a much longer portion of the entire flight than for just the dura 
tion of the icing encounter. 

The engine is the most vital component on the airplane requiring icing 
protection. Work on icing protection for engine air inlets and induction 
systems covered piston and jet engines. The work on piston engines, summa- 
rised in an NACA technical report (ref. 30). led to the recommendations in- 
corporated in figure 22 for a typical arrangement of an engine induction 
system. Such a design includes (1) an air inlet, which reduces the intake 
of water and snow to a miniaum by utilising the inertia and momentum difCer- 
ences between air and water particles to separate the droplets out of the 
air at the inlet, (2) aerodynamics lly clean flow passages to prevent ice 
accretion on exposed parts, (3) air-metering devices located in a warm, dry 
region, (4) throttle and throttle bodies kept above freesing, and (3) fuel 
injected downstream of the heated surfaces to prevent fuel-evaporation 
icing. Aircraft that incorporate many of these features, including the 
inlet type shown, are Che Convair-240 and some versions of the Lockheed Con- 
stellation. 



The high speeds of jet-powered aircraft and the large engine air flows 
necessitated a reappraisal of the icing problem for jet engines compared 
with that for Che reciprocating engine. While the early centrifugal jet 
engines were not generally critical with respect to inlet and engine icing, 
because of engine geometry and structure, the axial-flow engines were ad 
versely affected by icing. The icing of engine inlet guide vanes (refs. 31 
to 33) and inlet screens constituted an icing hasard (fig. 23) that not only 
reduced the available thrust and increased specific fuel consumption but 
could cause engine failure. The icing hasard of a fixed inlet screen was 
aptly demonstrated by the siisulcaneous loss of eight P-84 aircraft over 
Indiana after a brief encounter with severe icing conditions in 1951. Tests 
in the Lewis icing tunnel also showed that the pressure loss associated with 
icing of guide vanes could cause large pressure losses and hence thrust los- 
ses (ref. 33). Several icing protection systems using alcohol or hot gas 
injection into the airstream to provide protection for the screen, accessory 
housing, and guide vanes were studied by NACA and NAE. With these systesu, 
however, contamination of the compressor air (which is often used for cabin 
pressurisation) or large thrust losses resulted. 

The use of thermal icing protection for eiost engine components appeared 
sK>st feasible. In the case of the screen, hotfever, electro-thermal means 
did not appear attractive because of the large heating races required. Con- 
sequently, the complete elimination of the screen or retraction during an 
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icing •nenunf.nr appanrad aandacory. Blimination of cha acraan axpoaad the 
angina to daaage frou ica chunka breaking off fron unprotactad coaiponanta 
ahaad of tha eoapraaaor and antaring cha angina. Practically all typaa of 
axial*41ow anginaa taatad at tha Military aarvicaa Mt. Waahington icing fa- 
cility have auffered partial or coaiplate engine failure from ingaation of 
auch ica chunka. Tharauil icing protection ia required, charafora, for all 
coaponanta of the engine inlet that aMy ahad theae ice chunka if left unpro- 
tactad. 

In cha axial-flow angina the inlet guide vanea upatreaai of the coeq»rea- 
aor ice quickly. Coaq^leta icing protection of theaa oMnbara ia required if 
tha angina ia to function in icing condiciona. K atudy of aaana for heating 
tha guide vanaa internally with hot air waa conducted with a caacada of five 
vanea oK>uncad in a rectangular duct act in the icing tunnel (fig. 24). Ice 
collected on the .eading and trailing edgea of the highly cambered bladea 
uaed for inlet guide vanea. For thia reaaon, a saving of 50 percent of the 
heating air flow (fig. 25) ia achieved if the interior of the vane is parti- 
tioned to restr:.cC this hoc air Co Che areas of the blade on which ice col- 
lects. This paiticioning of guide vanes has been adopted for some current 
engines. 

Because the engine accessory dome collects ice that suiy break off after 
reaching a destructive sise and enter the engine, research was conducted on 
the heating requirements for several jet-engine accessory dosMS. An elec- 
trical icing protection system was used in order to obtain selective and 
controlled heating and thereby verify theoretical local heat-transfer data 
(ref. 22 and unpublished data). The doews %«ere tested also with rotation to 
simulate turboprop installations in order to study the effect of rotation on 
heating requireoients. In general, the rotational effect was negligible for 
the sise models tested. 

While it is apparent that aircraft operating at relatively low air- 
speeds and at altitudes less than 20,000 feet will require airframe icing 
protection equipownt, high-speed, high-sltitude aircraft, on the other hand, 
may require little if any such equipment. These aircraft cruise at alti- 
tudes where little or no icing occurs. Studies in high-speed icing duct 
tunnels (refs. 34 to 36) show that icing can occur at speeds up to a Mach 
number of approxioutely 1.3; however, because of aerodynamic heating of the 
surfaces at this high speed, such icing conditions %#ould require low air 
tesq;>eratures. The frequency of encountering severe icing at low air teoq>er- 
atures on a statistics! probability basis is almost negligible. The icing 
problem for these aircraft, therefore, is confined primarily to climb and 
let down conditions. Because of their high rates of ascent and descent, the 
icing encounters for these aircraft arc of short duration. Consequently, 
the flight plan and aircraft mission arc becoming increasingly oK>re impor 
tant in determining the necessity for airframe icing protection equipment. 
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A linitad op#racional aiMlytit of on incorcoptor and a cranaport air 
craft waa praaaantad in a paper by tha author at an NACA confarance on Boom 
Problana of Aircraft Operation (Nov* 17*18, 195A)* Thia atudy ahowad that 
thin*winged interceptor aircraft with a high rata of clia^ and daacant and 
cruiaing at high altitude do not appear to require an airfraM icing protec* 
tion ayatem except poaaibly during a landing operation. Thia atudy auggua* 
ted ihat a partial or a aiaiple one*ahot icing protection oyatM could be 
inatall^d at ninimuai weight, atructural, and perfonaance penalty to cope 
with an icing encounter during landing. The atudy alto concluded that jet 
tranaporta, becauae of thair alower ratea of aacent and deacent, ahould be 
provided with an airfrane icing protection ayaten. Since the engine ia ao 
vulnerable to ice damage, complete engine protection ia required for both 
typea of aircraft. 

In aummary, therefore, the NACA reaearch programa have provided auffic* 
ient data or have earabliahed techniquea whereby icing*protection require* 
laenta for moat aircraft componenta car. be determined aufficiently accurately 
for engineering purpoaea. The data obtained have been general iced whenever 
poaaible; however, it ia recogniaed that certain apecific inatallationa at 
preaent atill require teating in an icing tunnel or in flight. Neteorolog* 
ical atudiea are providing aufficient inforaution on conditiona conducive to 
icing on which to baae the deaign requirementa of aircraft coaq>onenta and to 
determine the need of icing protection for apecific aircraft and flight 
plane. VRiile thia paper deala primarily with NACA atudiea in icing re* 
aearch, the contributiona of other agenciea including the groupa operating 
at the Mt. Waahington facilitiea, the U.S. military eatabliahmenta, the 
U. S. aviation induatry, the Canadian NAE, and other groupa in the United 
Statea, Great Britain, and France muat alao be recogniaed. All theae groupa 
have cooperated and exchanged ideaa that have aided in the aucceaaful solu* 
tion of many icing problems. 
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APPENDIX A 


ICING TUNNEL FACILITIES 

The amount of time required for both aircraft and equipment maintenance 
to obtain sufficient data in flight toward the solution of icing problems, 
together with the difficulty of obtaining data in specified, controlled 
icing conditions, resulted in the design and construction of an icing wind 
tunnel at the NACA Lewis laboratory in 1943-1944. 

The Lewis icing tunnel is a single-return closed-throat tunnel, the 
general arrangement of which is shown in figures 12 and 26. The tunnel is 
constructed of steel plate and is insulated with a 3-inch thickness of Fi- 
berglas. The outer nonstructural shell covering the insulation is made of 
1/8-inch steel sheets. 

The tunnel is anchored at each end of the test section and at each end 
of the drive motor and supported by columns and sliding expansion joints at 
all other points in order to allow movement due to temperature stresses. 

The over-all size of the tunnel shell is about 198 feet long and about 73 
feet wide. The test section and a portion of the entrance cone and diffuser 
ari.t surrounded by a steel housing to provide space for the essential test 
equipment and operating personnel. This space is called the test chamber. 
Because the test section is vented to the chamber, the air pressure decrea- 
ses in the chamber during operation of the tunnel (normully less than 3 in. 
Hg). An air lock is provided to permit access b> personnel to the chamber 
during a run. 

The test chamber contains three floor levels: the ground floor, con- 

taining electrical, thermocouple, water, and balance-scale equipment; the 
second floor, containing the test section of the tunnel and the various con- 
trols, manometers, recording instruments, and associated equipment; and the 
third floor, containing auxiliary measuring equipment. Personnel access to 
tunnel is generally from the second floor of the test chamber, while 
models are lowered into the test section from the third floor through a re- 
movable 48- by 14C-inch access hatch in the roof of the test section. 

The test section is rectangular in shape, 9 feet wide, 6 feet high, and 
20 feet long. The air enters the test section from a large rectangular sec- 
tion giving a contraction ratio of about 14 to 1. The test section of the 
tunnel is provided with a turntable on which models can be mounted, as well 
as side-wall trunnion mounts. The maximum tunnel airspeed with icing condi- 
tions and a large model in the test section is 260 knots. 

Windows are provided on both sides and in the roof of the tunnel test 
section to allow observation of models during a test. The windows in the 
tunnel sides are laminated, electrically heated units similar to windshields 
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on many aircraft, whila the windows in the test section roof are unheeted. 
The power supplied to the new windows currently being installed is SOO watts 
per square foot. The temperature of the plastic inner layer of the window 
is detected by a nickel wire element. This element is used in a bridge cir- 
cuit to control the window temperature. 

Turning vanes are used in all right-angle comers of the tunnel. The 
vanes downstream of the test section and ahead of the drive fan are steam- 
heated to prevent icing. 

The drive motor for the tunnel develops 4160 horsepower. The drive 
consists of a doubly fed wound-rotor induction motor. Power is supplied 
directly to the stator, while the power for the rotor is supplied by a four- 
machine variable and fixed frequency setup. A variable-speed d-c motor, 
driven according to the Ward-Leonard system, drives an a-c generator. The 
generator supplies the power to the tunnel drive-motor rotor. The speed of 
the drive motor is governed by the speed of the a-c generator or d-c motor, 
the speed of these machines being controlled by varying the voltage to the 
d-c motor. The drive motor has a speed range from 0 to 540 rpm. A 200,000- 
cubic-foot-per-minute, 50-horsepower blo%ier is used to cool the drive motor. 

The tunnel drive motor is coupled directly to a 25-foot-diameter drive 
fan with 12 blades. The fan blades are wooden, with the leading edges of 
the blades protected by neoprene abrasion shoes. Stationary contra-vanes 
are used ahead of the fan. 

A ventilating tower is located downstream of the drive motor. This 
tower permits an exchange of tunnel air with outside air. The primary use 
of this unit has been to provide an additional cooling load to help regulate 
the tunnel air temperature for certain test conditions. In addition, a 
finned-tube heat exchanger with a capacity of 5,000,000 Btu per hour is 
available to aid in regulating the tunnel air temperature. 

A compression-type refrigeration system located in a nearby building is 
used to cool the tunnel air to the required icing condition. The tunnel is 
cooled by passing the air over a bank of refrigerated finned heat exchangers 
located in an area between the drive motor and the tunnel spray system. The 
total refrigeration capacity is about 7700 tons. The normal cooling load 
for the icing tunnel requires from 1200 to 2100 tons; hotirever, this require- 
ment varies with climatic conditions. Air temperatures as low as -40° C 
can be obtained, although most tests are conducted in the range of -3° to 
-20° C. 

Icing conditions similar to those encountered in the atmosphere are 
created by a battery of air-water atomising nostles. A view of the spray 
system looking downstream into the test section is shown in figure 13. The 
spray nossles are mounted in six horixontal spray bars and located to give a 
uniform cloud approximately 4- by 4-feet in the test section. Controls for 
the spray system are located in airfoil-shaped enclosures at one end of each 
strut. 
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A sketch of the eir-weter etomising nossles used in the spray system is 
shown in figure 27. The nosi le assembly consists of air and water supply 
lines, steam line to prevent icing of the entire strut, and the spray nossle 
(Inconel). Approximately 80 nosales are used to obtain an adequate cloud in 
the tunnel. The nossles were specially developed for the tunnel to yield 
droplet sixes ranging from a mean effective sise of 4 microns at low water 
flows to about 20 microns at maximum water flows. Air pressures of 60 to 80 
pounds per square inch are used normally to atomise the water, while the 
water pressures range from a few pounds above the air-pressure values up to 
140 pounds per square inch. The large water-pressure values correspond to 
large water flows and large droplet sixes. The droplets produced by these 
nossles are not uniform in sise but vary approximately in accordance with a 
Langmuir D or E drop-sise distribution (ref. 37). For a constant water 
flow, the liquid-water content in the tunnel varies with the airspeed. In 
addition, the contraction of the tunnel entrance cone affects the droplet 
paths and local water concentration in the tunnel. Consequently, maximum or 
minimum values of water content and droplet sise independent of tunnel air- 
speed cannot be stated explicitly. 

The water used for the spray system passes through a 500-gal lon-per- 
hour-capacity demineral iser. The demineral iser consists of two anion and 
cation filter beds that remove all minerals from the water, thereby prevent- 
ing fouling and plugging of the spray system. From the demineraliser , the 
water is piped into a storage tank with a capacity of 750 gallons. The 
storage tank is kept full by a float switch that turns the demineraliser on 
and off to maintain a given water level in the storage tank. From the stor- 
age tank the water is piped to two turbine water pumps with a capacity of 5 
gallons per minute each at 150 pounds per square inch gage. The water is 
pumped through three rotameters for flow mesasurement and then into a steam 
heat exchanger that heats the water to a temperature of 80*^ to 90*^ C. 

Heating of the water is necessary to prevent freese-out of the water when it 
is air-atomised to cloud droplets in the tunnel. Following the heat exchan- 
ger the water is filtered at each strut control box. The water pressure is 
regulated at each strut by a pressure regulator controlled by the tunnel 
operator. The water pressure is sensed by a pressure transmitter, which 
changes water pressure to pneumatic pressure. The water pressures in each 
spray strut (in the form of pneumatic pressure) are indicated on a manometer 
board in tiie test chamber. 

Air is furnished to Che water-spray system from a service air line with 
a capacity of b pounds per second at 120 pounds per square inch. This air 
is passed through a pressure regulator, a steam heat exchanger (which heats 
the air to approximately 80° to 90° C), and a two-stage filter before 
entering the strut control boxes. The air pressure is also couCrolled from 
the test-chamber control area. 
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A separate spray system consisting of 4 to 9 nossles is used to inject 
dyed water into the tunnel for experioiental studies of droplet impingement 
characteristics of various bodies (ref. 15). 

A balance frame is provided with a 6-cooqponent force-measuring scale 
system. Data are recorded automatically on tapes at each balance. Electri- 
cally heated co-axial pressure tubes are used to obtain pressure data. All 
pressure data are recorded photographically from multi-tube manometer 
boards. Temperature data obtained with copper-constantan thermocouples are 
recorded on automatic flight recorders. The control equipment includes var- 
iable transformers for power control to models, autooiatic temperature con- 
troller for heated air to models, and various recording instruments for 
heat-source control. Standard instruments are used to record tunnel air- 
speed and air temperature. An NACA pressure-type icing-rate meter is used 
to measure the liquid-water content of the tunnel atmosphere. Special in- 
strusMntation is added whenever required for a particular study. 

Heated air for providing models with icing protection is supplied by 
three heat exchangers. The air from these exchangers is heated by the ex- 
haust from a jet-engine combustion can. Each heat exchanger has a flow ca- 
pacity of 1000 pounds per hour with pressure regulation up to 120 pounds per 
square inch. Orifices in each line allow a measurement of the flow from 
each exchanger. Constant air temperature over a wide range of air flows is 
obtained by ‘an automatic flow control that regulates the amount of cold air 
permitted to mix- with heated air from the exchangers. 

Electric heating supplied to models for icing protection can be ob- 
tained from either a-c or d-c sources; however, a-c is generally preferred. 
The d-c system capacity is 28 volts and rated at 100 amperes. In addition, 
a 12-volt d-c system rated at 30 amperes is also available. A 29-volt a-c 
system rated at 50 amperes is available and is used for heater studies for 
which the heater load is normally run on d-c. A 110-volt single-phase sys- 
tem and a 208-volt, three-phase, 30-ampere system are available for large 
electrical loads. Selective power inputs (a-c three-phase system) to elec- 
trically heated models are metered (power recorded on a recording wattmeter) 
by means of 18 variable transformers rated at 3 amperes, 16 variable trans- 
formers rated at 9 amperes, and 3 variable transformers rated at 43 am- 
peres. A 400-cycle inverter capable of supplying 1300 volt-amperes at 113 
volts is also used for some instrument tests. 

Electronic timers are available by which specified heating and icing 
periods for either electric or air heating systems can be controlled. 

The 136-inch-high multi-tube manometer board is so arranged that it may 
operate as an integrating type or a standard board. A total of 298 readings 
can be obtained from the board. Additional U-tube and standard manometer 
boards are available as required. Most of the tubes are also connected to 
an air-purge system by which air is bled through the tubes back to the 
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nodel. An air**operated cylinder or pincher closes off the tubes at the ma- 
nosieter to prevent the purge air from blowing the isanometer fluid out of the 
bonds. The purge air prevents the entry of water from the spray cloud into 
the tubes and blocking or freesing of the unheated portions of the pressure 
lines. During this purging procedure, no manometer-board readings are taken. 

For aerodynamic studies of airfoils in icing conditions, the airfoil 
surfaces aft of the region protected by the icing protection system (called 
afterbody) are generally heated. This heating is required, since the 
turbulence level and supersaturated air in the test section cause a frost 
deposit on the cold portions of a model. These deposits have rarely been 
observed in natural flight icing. Such frost deposits increase the measured 
model drag. A steam line operating at '*'5 to -3 inches of mercury is used to 
heat these afterbodies. To avoid steam leakage from the model into the 
tunnel, the afterbody is operated at a negative pressure by means of a small 
ejector and a barometric condenser located externally of the model. 

Photographs of ice formations during a test are obtained with high- 
speed electronic flash equipment, while conventional camera equipment is 
used for pictures taken in the tunnel at the conclusion of a test. Color 
photography has proved to be the most satisfactory for movie film recording 
of data in the presence of the spray cloud. 

Airfoil models normally span the vertical height of the tunnel. Chords 
of these models have ranged from 13 to 96 inches or larger. Horizontal 
model mounting has also been used occasionally; however, because of wind- 
tunnel-wall interference effects, the vertical mounting is preferred. 

Bodies of revolution and inlets tested are normally less than 36 inches in 
diameter. 

In addition to the 6- by 9-foot icing tunnel, two smaller high-speed 
icing-duct tunnel facilities are also used. Techniques equivalent to those 
just described are used in these tunnels. A schematic diagram of the 3.84- 
by 10-inch tunnel presented in figure 28 shows the inlet diffuser sectiot 
with screens, the plenum chamber with flow-straightening tubes, chv bell- 
mouth tunnel entry, the test section, and the outlet diffuser section. The 
tunnel is designed to provide a range of subsonic Mach numbers from C.3 to 
0.8 and a supersonic Mach number of 2.0. Altitudes up to 30,000 feet may be 
simulated. 

A supply of refrigerated air initially at approximately -20*^ F and 
with a specific humidity of 3.0xl0~^ pound of water per pound of dry air 
is conditioned to provide the desired temperatures and humidities at the 
tunnel test section. The humidity of the airstream is controlled by means 
of steam injected at a point sufficiently far upstream to ensure thorough 
mixing at the tunnel entry. 
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APPENDIX B 


OPERATIONAL TECHNIQUES 

The following are techniques used for model testing in the Lewis icing 
tunnel and associated fucilities. 

Thermocouple Installations 

Whenever possible, all skin or surface thermocouples (copper-constan- 
tan) are peened into small holes drilled into the surface as shown in figure 
30. The ball at the junction of the thermocouple is just large enough to 
fit into the hole, so that peening the surface around the ball will result 
in a firmly anchored thermocouple. The ball should be as close to the outer 
surface of the skin as possible. For very thin metal skins (0.003-inch 
stainless steel, e.g.) spot-welding the thermocouple on the inner surface of 
the skin is acceptable. The thermocouple leads should not be secured on the 
outer surface of the model, since ice will anchor on the leads. If splicing 
of thermocouple leads is required, such splices should be made in a protec- 
ted, constant-temperature location, outside the model in the test chamber. 
All thermocouple leads should be protected against moisture; asbestos- 
covered wires are not generally recommended for models in icing conditions. 
Shielded thermocouples are recommended for obtaining measurements of hot air 
temperature, although a trailing thermocouple such as that shown in figure 
30(b) is acceptable. 


Tunnel Air Temperature 

The tunnel air temperature is obtained with a probe that separates the 
entrained water from the airstream as shown in figure 31. The probe con- 
sists of a nose and rear cap and a housing containing a temperature-sensing 
element. Holjes are located in the housing so that the air flows through the 
probe from the rear to the front of the probe. The locations of these holes 
are based on pressure-distribution studies. The water droplets, because of 
their inertia, do not enter the housing at the rear locations. Because the 
nose-cap diameter is larger than the housing diameter, the housing is pro- 
tected from icing. The nose cap is allowed to ice. Thermal icing protec- 
tion could be incorporated in the nose cap; however, an error in the indica- 
ted temperature would be incurred. The average temperature-recovery factor 
for these probes is about 84 percent and is constant over a range of Mach 
numbers from 0.2 to l.O. In the NACA icing tunnel the probes are used to 
measure air temperature in the lo%r*speed section upstream of the spray sys- 
tem and ahead of the contraction cone. The air temperature measured by 
these probes is therefore essentially a total air temperature. Because the 
tunnel is always at least saturated when the spray system is used, the ambi- 
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ent-air temperature in the test section is computed by conventional wet-air 
equations (ref. 21). The total air temperature measured in the lotr^speed 
section of the tunnel is used for a base in these calculations. 

Temperatures from Rotating Bodies 

A typical means used to transmit the temperatures from a rotating body 
to a recorder is shown schematically in figure 32. The thersiocouple leads 
from the body are fed through a hollow motor shaft to the rear of a siotor 
housing and through a thermocouple selector switch into a steam-filled jack- 
et that rotates with the shaft. From the rotating jacket, copper leads are 
attached to a slip-ring and brush assembly. From this assembly, copper 
leads are again led into a steamrfilled stationary jacket. Copper-constan- 
tan leads are used from the stationary jacket to a thermocouple selector 
unit and to a flight recorder. The steam jacket is used to provide a con- 
stant temperature at critical junctions in the thermocouple circuit, where 
the wire metal in the thermocouple leads is changed from copper and constan- 
tan to all copper and back again. 

Pressure Tubes 

In icing conditions all pressure tubes subject to water impingement 
(pitot-static tubes, tubes in survey rakes and in the boundary layer, etc.) 
must be protected against icing. In the Lewis icing tunnel such pressure 
tubes are generally electrically heated. A co-axial tube is used consisting 
of two concentric tubes separated by a woven glass sleeving insulation 
(fig. 33). The ends of the tubes exposed to the airstream are silver- 
soldered and shaped to obtain either static or total-pressure tubes. Tube 
sizes of 0.093- to 0.437-inch outside diameter and 0.057- to 0.393-inch in- 
side diameter with wall thicknesses of 0.005 inch are in common usage. 

These tubes are made of Inconel. A special tube bender was developed by 
NACA personnel to avoid collapsing of the co-axial tubing during bending of 
the tubes to a desired shape. 

Surface Pressure from Rotating Body 

A scheme similar to that used to obtain temperatures from rotating bod- 
ies is also used to obtain surface pressure measurements. Pressure lines 
from a model are fed into a hollow shaft (fig. 34). Each tube is then al- 
lowed to vent into a chamber composed of the hollow shaft, bearings, and a 
stationary housing. All pressure sealing is accomplished by the bearings 
and felt seals. The pressure from each sealed chamber is then transmitted 
to a manometer. A water-jacket cooling system (not shown) is provided for 
high-rotational-speed operation. This pressure system permits simultaneous 
readings pf many pressures and is generally limited only by the number of 
bearings used. 
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APPENDIX C 


ICING INSTRUMENTS 

Th« decerninacion of liquid-water content and droplet-aite diatribution 
of natural and artificial clouds has received considerable attention in con- 
nection with cloud physics studies and, in particular, in aircraft icing 
studies. A knowledge of the liquid-water content and droplet-aiae distribu- 
tion in clouds is of fundamental importance in evaluating rate and area of 
ice formation on various aircraft components, rate and area of erosion by 
impinging droplets on various aircraft surfaces such as radomes, reduction 
of visibility, attenuation of radar, and the basic mechanism of cloud forma- 
tion and precipitation. 

Numerous methods for determining these parameters have been proposed 
and te'^ed, but each method suffers limitations as to accuracy or ease in 
obtaini.ng or reducing the data to oseTul form. In some cases the limita- 
tions become very severe when measurements are attempted in high-speed air- 
streams. In addition to the rotating multicylinders and pressure-type 
icing-rate meter discussed in the test, some metho(*s and techniques that 
have been widely employed to determine liquid-water content and/or droplet 
size are: 

(1) Cloud camera 

(2) Oil slides 

(3) Oil-stream aeroscope 

(4) Heated probes 

The methods are described and discussed in references 38 to 40. 

The use of cameras (fig. 35) to photograph droplets directly in a cloud 
(ref. 38) is based on fundamental principles and is basically a sound tech- 
nique, but there are practical difficulties. Because of the high magnifica- 
tion required, the volume of the field of view is extremely small. As a 
result, the average number of droplets per 8- by lO-inch picture is small in 
clouds of moderate liquid-water contents. Therefore, a large number of pic- 
tures are required in order to obtain a size distribution. Since the mag- 
nification required is high, it is difficult to design a camera so that the 
object plane is outside the undisturbed airstream about an airplane or cam- 
era mount. 

The oiled-slide technique, where a glass slide covered with a suitable 
oil is exposed to a droplet-laden airstream and is then photographed through 
a microscope, has been used also to determine droplet-size distributions. 
This method yields photographs with a large number of droplets per picture 
from which the droplet sizes may be measured. However, because of the rela- 
tively large size of the slide compared with the size of droplets, the over- 
all collection efficiency and the local collection efficiencies of Che slide 
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vary considerably with droplet else. The droplet-sise distribution for any 
given area of the slide must be corrected according to the local collection 
efficiencies in order to obtain the true droplet**sise distribution of the 
cloud. The local collection efficiencies used for this correction are based 
upon that of a ribbon in ideal two-dimensional flow. The exposure tine re- 
quired in order not to saturate the slide with droplets must be of the order 
of a fraction of a second. This presents some difficulties, in that the 
alide must be moved rapidly or a protective cover must be opened and closed 
rapidly. This motion disturbs the airflow field in the vicinity of the 
slide, and therefore the collection efficiencies of the slide are not the 
same as for a ribbon in ideal flow. 

An oil-stream aeroscope composed of five main parts (fig. 36) - droplet 
pickup probe, circulating pumps for oil and air, photographic cell, light 
source, and a photomicrographic camera - has been developed. The droplet 
pickup probe consists of a small-diameter tube with a small hole on one 
side. When operating, the probe is arranged so that the small hole faces 
upstream to the air flow carrying the cloud droplets. Oil is forced by a 
pump through the pickup probe in the direction indicated in the sketch. As 
the oil passes the small hole, any water droplets that enter are trapped in 
the oil. Oil does not flow out of the droplet pickup hole, because the oil 
pressure is maintained at atmospheric pressure by the air pump shown in fig- 
ure 36. The oil containing the droplets then flows through the transparent 
plastic cell where the droplets are photographed with a photomicrographic 
camera. The channel through the plastic cell narrows down at the point 
where the pictures are taken, so that all the droplets are approximately in 
the object plane of Che camera. After leaving Che plastic cell, Che oil 
passes through a filter and trap where the water droplets are removed. The 
droplet size and distribution can then be determined by measuring the images 
on the photographs from the known magnif ication. After Che droplet distri- 
bution is known, the liquid-water content of the cloud can be calculated 
from the known geometery of the instrument, Che airspeed, and Che oil-flow 
rate. Limited data indicate Chat this instrument shows excellent promise 
for obtaining Che desired information. 

The heated-wire instrument consists basically of a loop of resistance 
wire (refs. 39 and 40) which is mounted in the airstream (fig. 37) and is 
heated electrically by passing current through the wire. The wire diameter 
is 0.021 Co 0.064 inch, with a maximum power input of 31 to 300 watts, re- 
spectively (ref. 40). The change in wire resistance from Che clear-air con- 
dition, resulting from cooling due to evaporation of impinging cloud water 
droplets, is used as a measure of the liquid-water content, or icing sever- 
ity. Although Che heated-wire instrument has several disadvantages as 
pointed out in reference 40, a workable instrument can be obtained that is 
very useful in studying cloud microsCrucCure. 

A variation of the heated-wire instrument is currently under develop- 
ment at the »ACA Lewis laboratory. This instrument consists of a heated 
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cube operating at constant surface temperature with a 

This instrument has the following advantages over a constant power heated 
wire probe: 

(1) The measured change in required power is linear with water impinge- 
ment, because the surface temperature is fixed. is 

(2) The change of heat-transfer coefficient under all conditions is 

"‘*‘'*^”(3)**The sensitivity to water impingement is maximised. 

(4) The power input is easily measured. . 

(5) With proper design, the time constant is less than that of a wire 

heated with constant power. 

mill. th« control circuit for thi. probe ho. proved ior«ld.ble, . 

roJ, unit he. been de.l,ned end opereted. The probe i. currently been, c.l 

ibrated in the Lewis icing tunnel. 
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SUMMARIES/ABSTRACTS OF DOCUMENTS 


LISTED IN BIBLIOGRAPHY 


Meteorology of Icing Clouds 


NACA TN 2738 

Nitlonal Advisory Cooifnlttee (or Aeronautics. 

A PROBABILITY ANALYSIS OF THE METEORO- 
LOGICAL FACTORS CONDUCTIVE TO AIRCRAFT 
ICING IN THE UNITED STATES. Williani Lewis and 
Norman R. Bergrun. June 1SS2. 8Sp. diagrs., 
llUbs. (NACA TN 2738) 

Meteorological Icing data obtained tn (light in the 
United States are analyzed statistically and methods 
are developed (or the determination o( (1) the various 
simultaneous combinations ol the three basic Icing 
parameters (liquid-water content, drop diameter, and 
temperature) which would have equal probability o( 
being exceeded In (light in any random Icing encoun- 
ter', and (2) the probability o( exceeding any specified 
group o( values o( liquid-water content associated 
simultaneously with temperature and drop-dlameCer 
values lying wiihln specified ranges, 
method provides ■ convenient means of calculating 
the percentage of Icing encounters tn which the water 
collection rate exceeds the design rate. 


NACA TN 2368 

National Advisory Committee (or Aeror.autlca. 

A SUMKIARY OF METEOROLOGICAL CONailONS 
ASSOCIATED TilTH AIRCRAFT ICING AND A PRO- 
POSHD METHOD OF SELECTING DESIGN CRITE- 
RIONS FOR ICE -PROTECTION EQUIPMENT Paul 
T. Hacker and Robert C- Dorsch. November 1851. 
3Sp. dlagrs. (NACA TN 2569) 


Data on the mt tcorologlcal parameters pertinent to 
the aircraft Icuig problem are so aumma lixed as to 
give the (requenqr o( occurrence o( observed Icing 
situations according to two ct the parameters. The 
summarized data Indicate that stutlstlcal relations 
exist between some of the parameters. A method, 
based iq;uii the collection efficiency of an alrfotl and 
the frequency of occurrence at Icing situations with 
various llquld-vmter contents and mean-effective 
droplet sizes. Is proposed (or the selection at design 
crilerlons (or Ice -protection equipment. 
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N/VTIOML AUlJSOKf COTtdrrriiX FOB AEROMirnCS 


TECHNICAL NOTE NO. 18^!> 


BECOMMENSED VALUES OF METEOROLOGICAL FACTORS TO BE 


CONSIISBEI) m TEE ISSIGN OF AIRCRAFT 


ICE-miEVENTIOn EQUUMENT 
By Alun R. Jones and VlUlam Lewis 


r 

I 


SU^«4ARY 


\ 


Meteorological conditlonB conducive to aircraft Icing are 
arranged In four class if lea tloiis: three are associated with cloud 

structure and the fourth with freezing rain. The range of possible 
meteorological factors for each classification Is discussed and 
specific values reconnaended for consideration In the desl^i of Ice- 
prevention equipment for aircraft are selected and tabulated. The 
values selected are based upon a study of the available observational 
data and theoretical considerations \^re observations are lacking, 
Reconmendatlons for future research In the field are presented. 




A 


Investigation of Meteorological Conditions Associ- 
ated with Aircraft Icing In Layer-Tjrpe Clouds for 
1947-48 Vinter. 



1 


i 

1 

:i 

A 


Bj Dwl^t B* KIItw i 

i 

MACA m No. 1793 ' 

January 1949 

Abstraet 

Nsasureoents of llquld-vater eontent, drop 
sice, and temperature during lolng oondltloos enooun> i 

tered In flight are shown to be consistent with pre- 
viously measured oondltlons and with proposed aazlsnn I 

lolng conditions In supercooled layer-type clouds. j 

Cwnlatlve-frequenoy graphs of meteorologloal para- j 

meters are presented Indicating the frequency with 

which various loli^ oondltlons have been encountered 4 

In the Great Lakes area and surrounding states during | 

two winters of flight observations. 1 
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Iteteorologlcal Analysis of Icing Conditions 
Encountered in Lov-Altltude Stratifom Clouds. 

Dvlght B. Kline and Joseph A. Walker 

BACA ,!DI 2306 
March' 1951 


Abstract 


Liquld>vater content, droplet size, and temperature 
data measured in predominantly stratlfonn clouds during 
the 1948 >49 and 1949>50 winters are presented. The hori> 
zontal and vertical extent of icing conditions and the 
relation of the existence of supercooled clouds to 
cyclone areas and precipitation regions are indicated. 
Liquid-water content measurements during 12 flights cure 
shown in relation to theoretical amounts calculated from 
radiosonde data and cloud depth observations. 


6 NATIONAL ADVISORY COIAdTTEE FOR AERONAUTICS 


TECHNICAL NOTE NO. 13^1 


ICING PROPERHES OF NONCYCLONIC 
WINTER STRATUS CLOUDS 

By William LewlSf U.S. Weather Boreau 
SUIffl/ARY 

Measurements of the vertical distribution of liquid water 
concentration and drop size have been made in winter stratus 
clouds in the absence of significant cyclonic or frontal 
activity. The observations indicate that the clouds are 
formed by turbulent mixing of the lower layers of the atmos* 
phere, res'ulting in a region of constant specific humidity and 
adiabatic lapse rates. Calcxilatlons baaed on these character- 
istics were used to constnict a graph which gives the liquid 
water concentration in terms of the temperature at the cloud 
base and the height above the base. In clouds from which no 
snow was falling, the measured values were. in good agreement 
with those given by the graph. Snowfall was found to deplete 
the liquid water content especially in the lower part of the 
cloxid layer, causing dissipation of the cloud from the base 
upwards. 
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Obsarvationa of Icing ConditionB Enoounterad In 
Fllgiht During 1948. 

By William Levis and Valt«r H. Hoaekar, 

NACA TW 1904 
June 1949 


Abstract 


Meteorological data from 40 flicdits in icing 
conditions are presented. The report also includes 
a discussion of the relation between the horisontal 
extant of icing conditions and the average liquid- 
vatar content observed therein, the reliability of 
flight measurments of drop-size distribution, and 
an apparent geographical influence upon the size of 
cloud drops. 


A Further Investigation of the Meteorological 
Candltlone Conducive to Aircraft Icing 


By VlUiam Levis, Dwight B. IQlne, and Charles F. 
Steinmetz 

BACA TN No. 1424 
October, 1947 


Abstract 


Data froa flight observations in icing conditions 
on liquid water content, twiperatura, and mean-effectlva 
irop diameter are shown to be consistent vlth previously 
proposed values. Data on drop-sice distribution with 
the rotating-cylinder method, although consistent with 
previous data, vere Inconsistent vlth data derived from 
stationary cylinder investigations. The relation between 
te3q>erature and mazlmun vater content In layer clouds is 
Uscussed and estimates are given for the highest values 
if vater to be expected In layer clouds at various temp- 
iratures. 


MACA RM B5U06 

MitloBBl Adrliory CoBun...«« l#r A*foo»utle». 
PUUMINARY 8URVBY OF KDW 
MEASURED DUBWO ROUTINE TRANSCONTINEHT- 
AL AIRUNE OPERATION. Port«r 3. ParklM. 
0«c«mbtr lOTI. «P- . photo*. , S IM». 

(NACA RM E5U06) 

lelnf dau coUactod on rauUna opantioaa bp foor 
D^4-t»pa trannport urcraR aquippad with NACA 
praaaura-typa tcta«-raU matara and Qyiat ««•' » 
tranacontlnaidal routa from January through May 
1851 ara praaaidad. Tha lour aircraft warn In Ic^ 
condltlona appioalmalaly 1-1/1 parcart of 
flylM tlma. Naarly ooa-hall of the Icing condltlona 
ware ancountarad oaar tha Groat Lakoa 
Avaraga llquld-watar-contaid maanuramantn dio not 
•xcMd 1 0 Krxm p*r cubic oitltr purcunl of 
tha maaauramaaU did not aacaad 0. 4 gram par cubic 
nutar. Tha daU ara conaldarad only prallmlaary 
and tha program la continuing to provlda additional 
data from world-wide air routaa. 


NACA RM ESSFlSa 

National Advlaory Commtttaa tor Aa^idlcfc 

STATISTICAL SURVEY OF 

OM SCHEDULED AIRLINE FLIGHTS OVER THE 

FROM NOVEMBER 

1951 TO JUNE 1952. Porter J. Parhlna. 

Scplw&ber lW5a 44p. diftsrtuf pbotoUa* S tibSa 
(NACA RM ES5F29a) 

A atntlatlcal aunrey and a pralimlnary analyala are 
mada in an Irtarlm report of ovei 500 Icing en- 
countera obulned from a continuing program 
aponaorad by the NACA with the cooperation of the 
alrllnea. Preaaure-type Iclng-rate matera were In- 
atalled on 11 airline aircraft of varloua typaa. Icing 
condltlona meaaurad during achaduled operatloM 
gave relative fraquenclaa of llquld-watar content, 
IclM rate, total Ice accumulatlona, cloud tempara- 
turee, an well aa horltontal and vertical extent of 
Icing clouds. Liquid-water coiUanta were higher 
than data from earlier raaearch (Ughta In layer-type 
clouda but sUgHly lower than prevloua data from 
cumulus cloutla. 
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NACA TN 4314 

NtUonal Advltory ComaltU* for AaroMotlci. 

ICmO FREQUSHCIE8 CXPBIOBNCCD DOIUMQ 
CUMB AND DESCENT BT riQHTER-IHTEBCEPTWl 
AOtCRArr. Porter J. ParkiM. Joly ISM. 30p. 
dtecra., UU. (NACA TN 4314) 


Rotative ireqaancleo td occurrence and aovorUy of 
icing cloud tayera ooeounterad up to an attUoda of 
30,000 feat are preaanted. Jet fltfdara on rooUne 
operatlont of the Air Defenae Command (U8AF) near 

Duluth, MlimeaoU, and Seattle, Wanhlngton. war# 

aqulpp^ with tctog metero tor 1 year. Icing occurred 
on approximately 3 percent of the fll^ta, with lea* 
accretion thlckneaa averaging leaa than 1/83 Inch on 
a emaU aenaing probe. ProbabtUUaa of Idng aevar' 
Jty (Including average liquid-water content and maxi- 
mum Ice accretion) were calculated ualng earlier 
data meaaured In Icing clouda. 


12 NACA RM E81D1S _ 

Natlaoal Advlaory CommWtaa for Aoronantlca. 
ANALYSIS OF UXTIOROLOOICAL DATA OB- 
TAINEO DURINO FUOHT IN A BOP BBC O CW J P 
STRATIFOiai CLOUD OF HlOB UQOID-WATBR 
CONTENT. Porter J. Perkins and Dwight B. KUaa. 
My 1981. lap. diagre., photos. (NACA RM 
B81D18) 

Flight icing-rate data obtained to a danae and ahm- 
oially deep s R pe r c o oled stratiform cloud pyitam in 
tea vlclalty of LMo Brie indicated the exiatance of 
liquid-water coetenta generally exceedliig vataes to 
fwmmmA tntf prvrioiisly rtporiad ortr tkt 
western aecdons of the Onltod States. Addittoaal 
bdormation obtained during deacant through a pari of 
the cloud aystem indicatod liquid-water contaats that 
atgnlflcaiiUy exceeded theo r eUcal values, eipeclally 
near the middle of toe cloud layer. 


61 


MACATMMM 

MatiMUd AMaonr ComaaIttM lor AaraoMlloi. 
fTATBTICAI. VniDT OF AmCKAn KINO PMB- 
ABIUrnS AT THE 100- AMD tOO-IOLLIBAA LEV- 
ILI OVn OCEAN AREAS Dt TBI NORTHnN 
BEMBPEERE. Pertar J. PtrktM, WlUlam Lmrto, 
and OooaM R. MnlboUaad. Mar 1001. Olp. diagn., 
tabe. OIACATMOOOO) 

A autlitical atady la aaadt at tclag obaarraUoaa ra» 
poitad frooi vaattwr raeoaaalaaaact aircraft flowa 
by Air Waalhar Barrie# (U8AI). Wld# araaa o( th# 
Pacific, Atlaatle, aad Arctic Ocaaaa war# aorrayad 
at flwd fU|M lavala of 000 Ob (10,000 ft) aad 100 adi 
(10,000 ft). IdBg atatlaaca praoaotad lachida lha 
ratatlva IraiyiaBclaa of tha occorraaca of Iclag, tho 
aattmatad probability of flight la Idag, aod tba ro- 
latloa of thaoa probabllttloo to tha fragiiaBClaa of 
flight la clouda and cloud taavaraturoa. Icing prob- 
ablUUaa aarlad arldaly throo^oiit the yaar fioai aaar 
saro In cold Arctic araaa In wlntar op to 1 pareaot In 
araaa wham graatar cloodhiaaa aad waraMr tarn- 
paratnraa praeall. 


NASA MEMO 1-I0-S9E 

National Aeronautlra and Space Admlnlatratlon. 
SUMMARY OF STATISTICAL ICING CLOUD DATA 
MEASURED OVER UNITED STATES AND NORTH 
ATUtNTlC, PACIFIC, AND ARCTIC OCEANS 
DURING ROUTINE AIRCRAFT OPERATtONS- 
Porter J. Perklna. January 1050. SOp. dlagra., 
|Aoio0., tftbt. 

(NASA MEMORANDUM I-IO-SOE) 

DaU aad statlatlca needed In aircraft dealgn aad 
operation am presented irom Iclng-clottd meaaore* 
ments aad observations obtained during an eatenslm 
program conducted In cooperation with several air- 
lines and the United SUtes Air Force. Icing meters 
Installed on 12 service alrcrslt supplied Information 
for determining the liquid-water content and dlidance 
traveled In 1300 Icing-cloud encounters. Other 
Icing-cloud parameters measured were the tempem- 
ture and depth oI icing-cloud layers and a reference 
total ice accretion (or each encounter. All results 
arc tabulated and the measured parameters are 
summarized as frequency distributions. 


Fundamental Propfetties of Water 


Statistical explanation of Si>oataneoua Frsexlns 
of Water Sxoplets. 

Sgr Joseph Levine 
SACA W 2234 

December I 950 

Abstract 

A statistical theory based on the presence of s m all 
crystallltatlon nuclei suspended In water Is developed 
to explain experimental results showing that on the 
average sJiall droplets can be supercooled to lower tem- 
peratures than large ones. Small nuclei of crystalli- 
xatlon are assumed responsible for causing supercooled 
water to freete spontaneously. 

The average behavior of supercooled droplets is 
reproduced on the basis of probability theory with an 
assumed dlstilbutlon of crystallltatlon nuclei with 
respect to the temperatures at which the nuclei cause 
freezing. The most probable distribution curves of spon- 
taneous freezing temperatures for water droi>lets of 
various sizes within the size range foxuad In clouds are 
obtained. 


16 Photomlcrographlc Investigation of Spontaneous 

Freezing Temperatures of Supemooled Water 
Droplets 

By Robert G. Dorsch and Paul T. Hacher 

MAC A TN 2142 
July 19^X) 

Abstract 

Data obtained by a pbotcolcrographlc technique on 
the spontaneous freezing temperatures of supercooled 
water droplets of tlie size ordinarily found In the 
atmosphere are presented. 

The spontaneous freezing temperature was found to 
depend on droplet size. 

Frequency distribution curvec of the epontaneoue 
freezing temperatures observed for a given droplet 
size were obtained. 
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MACa TN 10 


iwuoMii honwatf CoaninM for Aaranaullea. 
BXPEIIMENTAL VALUES OT 1BE SURFACB 
TEWION OP SUPERCOOLED WATER. Piul T. 
ItoekM. OctotMrlOSl. Mp. dUsrs.. pbotoa.. tab. 
(NACATNMIO) 


TIm Mrfae* teutoo ct wmUr ha« Umb daUralaad 
•qwrlatiAaUr for tbt tamparatara rai«a, 0» to 

C. Tka vaak toflactkai point la tka aortaca- 
tanaloo - tompcratura ralatton, aa tedlataO ba <ha 
latoraaltoMl Crittcal Tabla aaloaa for twaparatoraa 
tfovB to >0° C, aaa siAiatoaltatod to tka maaaara- 
inaiAs la tka lamparatara raofa, 0® to -13.10 q. ^ 
aurfaca tonaloo incraaaaa at approatoatolx a Uaaar 
rato from a ralua of 78.0610.00 4rnas par rarti^ ,nar 
C to 79.6710.00 Ornea par cantlmatar at 
-32.1® C. 
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NACA TN 3532 

National Adviaory Commlttea for Aeronautics. 

DIFFRACTION STUDY OF THE INTERNAL 
STRUCTURE OF SUPERCOOLED WATER. Robert G< 
Oorsch and Bemrose Bcyd. October 1651. 14p. 
dUgra., photo. (NACA TN 3533) 


X-ray ^fracUoii daU for arater In the temperature 
range 21 to -16® C are presented. The minimum 
between the two main diffraction peaks deepened con- 
tinuously, as the temperature was lowered, tt Is 
concluded that supercooled water apparently becomes 
progressively more Ice-Uke in structure as the tem- 
perature is lowered. 
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NACA RM MILIT 

NbUomI MtffUory CmbbIHm tor Aorooootico. 

A PHOTOQRAPnC ITUDY OF FlIBtZlNO OF 
WATER DROFLETI FALUNQ FREELY IN AIK. 
Kobnt O. Doroefe nd Joaufk LoHm. Fabraorr 
IMI. Itp. pfeoloo., lUbo. (NACARM 

BtlLlT) 

Tbt IrMtlag ol frao-loUlaii «Wor droplala to air «aa 
laraattcatad br a pbatatrapblc tacbalqaa. klorBa- 
Uoa 00 tba foUowlaf waa obUlaait- (1) Oroplal abapa 
altar traaalaf , (t) tba occorraoea of roUlatoaa of 
partly troaao or troaao aad IbpOd tlroplata, aad 
(S) tba fraaalag unparaturaa of ladlrldua! Iraa« 
lalUns droplata. 


NACA TN soil 

Matlooal Adriaory Comnltlaa for Aaronautlca. 
MAXIMUM EVAPORATION RATES OF WATER 
DROPLETS APPROACHING OBtrrACLES IN THE 
ATMOSPHERE UNDER ICING CONDmONS. 

Haroiaa H. Lowall. October 1B5S. SSp. dlagra. , 

S taba. (NACA TN 3024) 

Maximum poaaibte eraporatlon rataa of water 
dropleta approachina obctaclea In the almoaphcre 
aloof atafnallon llneeor movlns within Intake ducta 
of airplanca under lctn( condittona were calculated 
tor a wide rarlety ol ambient condittona, fUfht Mach 
numbara, defreea of atacnallon of the Incident rela> 
tive air atream, and droplet diamrtcra. Droplet 
diameter, body aUc, and flight Mach number cflecta 
were found to pradomlnate, whereaa wide variation 
In ambient condittona had tittle effect on evaporative 
loaaea. It waa concluded that Utile or no evapora* 
live loan occura from dropleta approaching email 
obataclea auch aa llquld-water-content mraaurement 
cyllndera, whereaa loaaea may be aa high aa aeveral 
percent In the caae of laraer c^ataclea auch aa 
winga, or SO percent Ir the i':ia<: i.t ducta at high 
ram preaaure. Loaaea In ducta in general, however, 
will uaually be about 10 to 20 percent. 
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Kinetic 1 empcrature of Wet Surfaces 

A Method of Cakubting ,hc. Amoum of Alt.JioI Required to Prevent lee nod 
the Denvatioo of tlte PtyehroOMric Equnti^ 

J* K. Hakov* 

of Ihc Royal Aircraft EhiabluhiHcnt 
Htportt and Memoranda No. 2830 
Htptember, 1945 


•leo^. propeUen and the induaion synein of the raiine ^ *® ““ P^°Wem of proiectin*. by 

R calctUatcd for a number of arbitrarily chosen wnSonrThl*!^’^' muiimum quantity of alcohol requital 
«P«in* the calculationt for a non-volatile fluid. The method hi*” 'J'Voration of alcohol it thotvn by 

i»«*totn*een.r,.»e.Une,.toto,OK,to,.„.Cr,i';rS 


Mgteoroloqfcai Instrumonte 


22 


NACA TN lets 

Nat'ooal Advfaory CommIttM lor AeronaaUca. 

MEA«UR£D PERrOMI- 
^ heated-wire 

ICING SEVERITY. Carr B. Neel, Jr. aikl 
Charlea p. StetnmetR. January 1»52. S0p. 
photoa., Staba. (NACA TN ZSlS) ^ '' 

ba«« *ada ol an taNnua^u 
which could b« uaad to obtaui atatlatlcal Oicht dau 
on the liquid -«aiar contani of Icinc clouda and to 
provide a direct Indication of Iclnc aeveHtv. Thn 

conalata of a wlra 

•hfrr eharaelertatlca 

which la heat^ by paaatnc electrical current through 
^ The wire la mounted ta the air atream and the 
^ree of cooling reeultlng from evaporation of 
Impinging water dropleta la a meaaure of the Uquld- 
of .r Comparlaona are wide 

•ir« ^ 

"eoroent cyllndera In an artlllci.ii. 

heated wire°i*^ < ****'‘°™‘*“c* rnaracterlaUca of a 
aated-wlra Inatrumeat are preaented. 
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NACA RM ES3023 

National Advisory Committee tor Aeronautics. 
PROCEDURE FOR MEASURING UQUID-WATER 
CONTENT AND DROPLET SIZES IN SUPERCOOLED 
CLOUDS BY ROTATING MULTICYLINDER METHOD 
William Lewis, Porter J. Perkins and Rlnaldo J. 
Brun. Appendix C: ALTERNATE METHOD OF 
REDUCING ROTATING MULTICYLINDER DATA. 

Paul T. Hacker. June I95S. 48p. dlagrs. , photos., 
4Ubs. (NACA RM ES3D23) 

The rotating multlcyllnder method tor In-fllght deter- 
mination of liquid-water content, droplet sice, and 
droplet-size distribution In Icing clouds is described. 
The theory of operation, the appar^ius required, the 
technique of obtaining data In flight, and detailed 
methods of calculating the results, Including neces- 
sary charts and tables, are presented. 


1 

NACA RM ESOKOla 

National Advisory Committee for Aeronautics. 

FUGHT CAMERA FOR PHOTOGRAPHINC CLOUD 
imOPLETS IN NATURAL SUSPENSION IN THE 
ATMOSPHERE. Stuart McCullough and Porter J. 

Perkins. June 1951. 23p. dlagrs., photos. (NACA 
RM ESOKOla) 

A camera designed for use in flight has been devel- 
oped by the N \CA Lewis laboratory to photograph 
cloud droplets In their natural suspension In the 
atmo^here. A magnification of 32 times Is em- 
ployed to distinguish for measurement purposes all 
sizes of droplets greater than 5 microns in diameten 
Photographs can be taken at flight cpeeds up to 150 
miles per hour at S-second intervals. A field area 
of 0.025 square Inch Is photographed on 7-lnch-wldth 
roll film accommodating 40 ezpoKires on an 18-foot 
length. Flight tests conducted in cumulus clouds 
have shown that approximate droplet-size distribu- 
tion studies can be obtained and that studies of 
the microstructure and physics of clouds can be 
made with the camera. 
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Flight iDstruoent for Meaaurement of Llq:uld- 
Water Cootent In Clouda at Teaperaturea above 
and belov Freetlng. 

Bj Porter J. Perklna 

HACA BM XSGJlZa 

March 1951 


Abe tract 

An Inatrvnent conaiatlng of a amall cyllndrlccd 
eleaent operated at high aurface temperaturee vaa 
developed to provide a aiaple anl rapid means of deter- 
mining the liquid -water content of clouds at tempera- 
txires above and belov freexing. 

The instrument was aensitive to a vide range of 
liquid -water content and was calibrated against rotating 
mu^tipylinder measurements at an air temperature of 
20 an air velocity of 175 miles per hour/ and a 
surface temperature in clear air of 475° I. 


26 NACA RM E51E16 

National AcN'isiory Conralttec for Aeronautics. 

A SIMPUFIED INSTRUMENT FOR RECORDING 
AND INDICATING FREQUENCY AND INTENSITY OF 
ICING CONUTIONS ENCOUNTERED IN FLIGHT. 
Porter J. Perkins, Stuart McCullough and Ralph D. 
I.ewis. July 1951. 26p. dlagrs., photos. (NACA 
KM ESlElfi) 

An Instrument for recor<ilng and indicating the fre- 
quency and Intoisity ct aircraft icing conditions en- 
countered In (light has been developed by the NACA 
Lewis Laboratory to obtain statistical Icing data 
over world-wide air routes during routine airline 
operations. The operation of the Instrument Is 
hased on the creation of a differential pressure be- 
tween an Ice-free total-pressure system and a total- 
pressure system In which small total -pressure holes 
vented to static pressure are allowed to plug with 
Ice accretion. The simplicity of this operating 
principle permits automatic operation, and 
provides relative freedom from maintenance and 
operating problems. The complete unit weighing 
only 18 pounds records Icing rate, alr^>eed, and 
altitude on photographic film and provides visual 
IndlcaUooB of Icing Intensity to the pilot. 
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NACA TN I4M 

National Adrlaory Commlttna lor Atronautlca. 

AN D48TRUMENT EMPLOYING A CORONAL DIS- 
CHARGE FOR THE DETERMINAnON OF 
DROPLET -SIZE DISTRIBUTION IN CLOUDS. 
Rlnaldo J. Brun, Joseph Lsvlnt, and Ksnnsth S> 
KlelnknscM. S^suber 1951. SSp. dlafrs., 
photos., 4 tabs. (NACA TN 24SB) 

A night Instrument that uses electric means tor 
obtaining a measure of the droplet-slae distribution 
In above-lreealng clouds has been devised and given 
preliminary eval'Mtlon In flight. An electric charge 
Is placed on the droplets and they are separated 
aerodynamlcally according to their mass. The de- 
sirable features of an Instrument baaed on the 
method described are: (1) the Instrument can be 
used In clouds with temperatures above freeclng, 

(2) the site and the shape of the cylinders do not 
change during the exposure time, (S) the error 
caused by bounce -oft Is low, (4) the readings 
are InsUntaneous and continuous, and (5) the fast 
Instrument response permits the study of variations 
In cloud structure. 


NACA RM E51C0S 

National Advisory Committee for Aeronautics. 
ADAPTATION OF A CASCADE IMPACTOR TO 
FLIGHT MEASUREMENT OF DROPLET SIZE IN 
CLOUDS. Joseph Levine and Kenneth S. Kleinknecht. 
September IBSl. 28p. dlagrs., photos. (NACA RM 
ES1G05) 

A cascade Impactor, an Instrument (or obtaining the 
sixe distribution of droplets borne In a low- velocity 
air stream, has been adapted for (light cloud driblet 
studies. Data from two flights are presented. 
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NACA TN 3708 

Nattoikkl Advisory Committee tor Aeronsutlcs. 
COMPARISON or THREE MULTICYLINDEft ICING 
METERS AND CRITIQUE OF MULTICYLINDER 
METHOD. Wallace E. Howell, Mount Washington 
Observatory. June 1052. 40p. dlagrs., photos., 

6 tabs. (NACATN 2708) 

Three mulllcyllnder Icing meters, tundamentally 
similar ImI differing from each o^er In Important 
delsgn details, were eootpared In use at the Mount 
Washington Observatory. Comparison of relatlvs 
lb effectiveness of the Instrumectii, evaluation of obssr* 

vational errors, determination of the effects of de- 
tailed design differences, and recommendations for 
further improvements of design are presented. An 
evaluation of the multicylinder method, concerned 
with the validity of the theoretical basis and the de- 
gree to which the Instruments and the technique of 
their use permit accurate determinations of the phys- 
ical measurements Involved, Is also Included. 


30 A Beviev of luBtrunents Developed for the Measureneiit 

of the Meteorological Factors Conducive to Aircraft 
Iclug. 

By Alun B. Jones and William Levis 
NACA BM No. A9C09 
April 1949 


Ahetract 

The etatua of Inetrumente eultahle for the meaBure^ 
inent of the meteorological factors conducive to alrci-aft 
icing ie reviewed. The factors to he evaluated are 
listed, and tentative values for the dctiired and accept- 
able accuracy of maaeuremont for each factor are 
Buggeeted. 

Nino Inatruments which appear to be the most promis- 
ing for the procurement of the meteorological data are 
dlecueeed with respect to the quantities they measure, 
principle of operation, range and accuracy, du.'*atlon of a 
single reading, and advantages and disadvantages agcocl— 
ated with their use. Feconmiendatlons are presented for 
the continued research and development of icing meteor- 
ological Instrumenta. 
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NACARMA541SS 

MattoMl AdvUory Commttl*« lor Awon *^ >^ 

A HEATED-WIRE LWUn>-^TER-{^NTEOT 

instrument and results or initial rLKmr 

TESTS IN ICING CONDITIONS. C*rr 

January I9J5. SSp. dlagra., photoa., tab. (NACA 

RM A5«aS) 


A night modal of th# haatad-wlra Inatnunaat waa 
Uatad In natural Icing condiUona, and waa ahown to 
proTtda rallable maaauremanta of Uquld-watar 
contant. Tha rapid raaponaa of tha InatruiMnl 
anablad datatlad atudy of cloud atruclura. Cl^- 
duct taata ahowad maaauramanta could be made to 
TOO mph. Haaulta of tha night maaauramanta aub- 
atantlated tha high values of water content pretrtoualy 
predicted. The highest value measured waa S.T 
(T&ins p€r c^lc mstcr. 


NACATN 3592 

National Advisory Committee ,,0 

AM OIL-STREAM PHOTOMICROGRAPHIC AERO* 
SCOPE FOR OBTAINING CLOUD 
CONTENT AND DROPLET SIZE 
IN FLIGHT. Paul T. Hacker. Jan^ry I9S6. 38p. 
dlagra., photos., tabs. (NACA TN J592) 


An airborne cloud aeroscope by which droplet sUa, 
site distribution, and llduld-waler content M Icl^ 
and nonlclng clouds can be determined has bean «• 
veloped and tested In night and In wind 
water sprays. The cloud droplets are continuously 
captured in a stream of oil, which Is 
gcdphed. In most cases, droplet sire 
can be obtained from a sliigla photograph. With tbs 
droplet site distribution known, the llquld-w«ar 
contant of the cloud can be calculated from the n* 
omatry of the aeroscope, the airspeed, and the oU 
flow rata. The aeroscope is described In detail, 
and some droplet sire distributions and liquid-water 
contents obtained during tests are presented. 
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iBPliuitmant of Cloud Droplef 


33 MACATMMie 

Natkntl AMaoiy Commltt— tor AarauuUea. 

AN IMRIUCAL MBTBOO PBRISTnNO SAPID 
OmRMlNATiON CP TBI ASIA, BATI. AND 

nsniBUtiaN or WATiR-Dsap hipinqbmint 

ON AN AnPCO. OP AUTSANT aiCnON AT 
SUBSONIC 8PIIOS: Nonus B. BMgnB. 
8iptM*«rlMl. ISlp. 4U«ra., 11 tiba. (NACA 
TMMTC) 

A iSwd !■ dmtaiMd «kteh ptratfU Bm SiUrmlM* 
Bob ot am. rate, nd dlNribattoa el vater^rop 
ImptesaoMBt oa atrfoUa el aiWtraiy aactlaa at Mb* 
aiNde apaada. Tba aattad^ whicb la baaad oa tba 
raadta of aatanalra aator-drop«tra|oelar7 calcnla* 
tioaa for ftra alrfoU caaaa, raqotraa oalp a faw 
atnpla aumarlcal coaaotellooa oaca tha rolocttp 
dtatrltaUoo ovar the airfoil haa baoa datarmlaod. 


3A NACA 


TECHNICAL NOTE Ho. 1397 


A METHOD FOR NUMERICALLY CALCULATING THE AREA AND 
DISTRIBUTION OF WATER IMPINGEMENT ON THE 
LEADING EDGE OF AN AIRFOIL IN A CLOUD 
Norman R. Bergrun 


SUMMARY 

A method is presented for determining, by step-by-step integra- 
tion, the trajectories of water drops around any body in tvo- 
dimensional flow for which the streamline velocity components are 
known or can be computed. The method is general and considers the 
deviation of the water drops from Stokes' law because of speed and 
drop size. 

The equations are presented in general form and then, to 
illustrate the procedure, water-drop trajectories are calculated 
about a 12-percent-thick symmetricail Joukowski profile chosen to 
simulate an NACA 0012 section. 

The method provides a means for the relatively rapid calculation 
of the trajectory of a single drop without the utilization of a 
differential analyzer. 

In addition, consideration is given to the maximum possible rate 
of water-drop impingement on a body. 
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HACA RM lUBlI 

NBtioHa Advtaory ComaUtM tor Atio 'OUe*. 
niPmOBIlIMT OF WATIR OROFLITI OH AM 
MACA 65. *111 AnrOtL AT AN ANOLI OF ATTACK 
OF 4P. Blnaldn i. Bnta, John I. Itnkllal 
0«orgt J. MoHkm. Itpttmb*r MSI. 41^. tfigra. . 
Ub. (NACA RM BSIBtD 

TtM trtJaetoriM ol droplata ia tha air flovlag paat aa 
MACA 6S|*11I airfoil at aa aa^a ol attack ol ^ wart 
Aataraalaad. Tka cHlactloe Mtlclaacy, tha araa of 
Aroplat laaplataataot, aad tha rata of droplat lat^aga* 
aaal wara ealcolatad from tha trajactorlaa. Tha ra> 
aalta art appltcaUa uadar tha ioUowtag coadUloaa: 
chord lao|tha from I to 10 toot, alUtudaa from 1000 
to IS, 000 loot, alivlaaa ap a ada from ISO aiUaa par 
hour to tha critical filcht Mach mimbar, and droplet 
dlametara from S to 100 mlcroaa. 


NACA TN MM 

National Adrlaory Commlttea for Aaroaantlca. 
IMPINGEMENT OF P'AOPLETB IN 90° ELBOWS 
WITH POTENTUL FLOW. Paul T. Hacker, 
Rlnaldo J. Bnin and Bamroaa Boyd. Saptamhar 
MSS. S8p. dlagra., Staba. (NACA TN MM) 

Traiactorlaa wara datarmlnod for droplata In air 
flowing through Wfi albowa aapacially daalgnad for 
two-dlmenalonal potential motion with low proBaure 
loaaaa. The etbowa wara eaiabllahad hy aalacting 
aa walla of each alhow two atraamltnaa of tha flow 
field produced by a comptra potential function that 
aatabllahea a two-dlmanalonal flow around a SO** 
band. An unlimited number of albowa with all^ly 
dlffaranl ahapaa cm ba aatabllahod by aalectli« 
different palra of atraamllnaa aa walla. The albowa 
produced by the compln potential function aalactad 
are aultable tor uae In aircraft air-intake ducta. 

Tha droplat Impingement data darlvad from tha 
trajactorlea are preaanted along with aquatlona In 
auch a manner that tha collection efficiency, tha 
araa, the rote, and the dlatrlbutlon of droplet Im- 
plngemant car. be determined tor any elbow de- 
fined by any pair of atreamlinea within a portion of 
the flow field eatabllnhed by tha complei potential 
function. Coordlnatea tor aome typical atream- 
linea of the flow field and velocity componanta tor 
aeveral pointa along theca atraamllnaa are pre- 
aanted In tabular form. 
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MACA Rapt. U»* . 

Nations. VdriMry CoantttM tor Aaronawtic a. ^ 
IMPIMOBIISMT or water DHOPLETE OM WEIffi 
AHD DOOTLE-WEDOE AIRFOIti AT 
fpffTMi Johns. SarallnL 1M4. Ut S4p. dlagro. 
(NACA Rapt. UM. Formarlp TM Wl) 

An analytteal aolutlon haa baan obUlnad tor tha 

of inotloa of watar Sropiata Imptoglng on 
a «adm in a two- 41 maaatonat auparaonle Ihm floto 
with a ahoch warn atta eh ad to tha w a itg a. loa 
etoaad'torm aolutlon ytolda analyUeal aivraoatooa 
for tha a«iaUon of tha droplat trajactory, tha local 
rata of Impincamant and tto Impinsamant taloclly 
at any point on tha uadga aurfaca, and tha tout rata 
of laqrtngamant. Tha analytical aapraaaiona ara 
utllUad to dataraalna tha l^lngamant on tha tor- 
ifard aurfacaa of dlanaond alrfoUa In atparnonlc 

now flalda with attaehad ahoch wa»an. Tha raauUo 
praaantod Include tha foltowlnf condltlono: tfrepW 
dlauMtera from 1 to 100 mtcrona, pranaure altltudaa 
from aaa la*tl to SO, ON foot, froa-atraam ntoUc 
tamparaturaa from 420® to W® R, fraa-atraam 
Madi numbara from 1.1 to 2.0, Mmiapaa anflae 
lor tha wadga from 1.14® to Jl.Pr, tW^aa-lo^ 
chord ratlM lor the diamond airfoil from 0.02 to 
0.14, chord langtha from I to 20 feat, and anglaa 
of attack from aaro to tha tnvaraa tangent of tha 
airfoil thlckneaa-to>€hord ratio. 
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NACA TN 8047 

National Advinory Comnattlaa lor AaroMWlca. 
IMPINGEMENT OF WATER DROPLETS ON NACA 
0SA004 AIRFOIL AND EFFECT OF CHAWE W 
AIRFOIL THICKNESS FROM 12 TO 4 PERCENT AT 
4® ANCLE OF ATTACK. Rlnaldo J. Bnm, Halan M. 
Callaghar and Dorothea E. Vogt. November 1958. 
45p. dlagra,, lab. (NACA TN 8047) 

The trajectoriaa of droplata In the air flowl^paat an 
NACA 6SA004 airfoil at an angle of attack of 4 were 
determined. The amount of water In droplat form 
Impinging on the airfoil, the area of droplat Impinge- 
ment, and the rale of droplet implngamanl par unit 
area on the airfoil nurface ware calculated from the 
traiectorlea and preaeided to cover a large range of 
flight and almoapherlc condlllona. The effect of a 
change In airfoil thlcknaaa from 12 to 4 percaid at 4 
angle of attack Is preaenled by comparing the to- 
plngement calculatlone for the NACA 65A004 airfoil 
with thoae for the NACA 65i-20S and 65 1 -212 alr- 
lolla. The rearward Umtt of toplngameid on the 
upper aurface decreaaea an tha airfoil thlcknaaa da* 
creaaea. The rearward limit of Impingement on the 
lower aurface Incraaaea adth a decraaae In airfoil 
thlcknaaa. The toul water Marcepled decreaaea aa 
the airfoil thlckneaa to decreaaed. 
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{teUwJuUrlaory Cc—tttet 

DIPINOBIICMT of WATIR 

Ux-iM AHD WHW 

mid DoroIMft 1. Ton* Itol ItM* ’■P* 
(MACATHmi) 


Tte lrtJ«ctorto« •! droplM* »• «“ " 

M mCA »1-I0« «lrtoU ud M llACA Wi-m 
• alrloL' , bott •! u u|l« ot ittMk of •*, 

eo«p*lod wltb 0 ««eta«leol 

of mototr lo dio»l*t «®« 

tbo»«ool4roFlottaVtai»««A. 

dNBlot laplMMBMd ptr oatt »m OB tto alrtoU 

aftoctod *tr# caleolotod (roa tb# tiajoc* 

torlM. 


HACA TN a*04 

Motional Adrloory CommlUto for Aoronoutlco. 
IMPINGEMENT OF WATER DROPLETS ON A CT^ 
INOER IN AN INCOMPRESSIBLE FLOW ^ 

EVALUATION OF ROTATING **ULT1CYLIN^R 
METHOD FOR MEASUREMENT OF DROPLET -MZE 
DISTRIBUTION, VOLUME-MEDIAN DROPLET SIZE. 
AND liquid-water CONTENT IN CLOUDS. 
RlnoldoJ. Brunond Horry W. Mtrglor. March 
ISS3. Up. dlagra. , photo., 4 tabs. (NACA 
TN 2904) 


The trajoclorlea ot water dropleia In an IncompreMt- 
ble flow field around a cylinder were calculated wlU 
a mechanical analog. The collection efficiency, t^ 
area of droplet impingement on the cylinder, and the 
rate of droplet Impingement were determined Irom 
the trajectorlee. An evaluation of the rotating multi- 
cylinder method for the meaaurement r( droplet-oUe 
dlatrlbutlon, volume-median droplet alie, and 
Uqutd-water content waa made baaed on the reaulto 
of the trajectory calculatlona. 
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MACA TM S90S 

WmtBiMi Atfvlwry CoHunlttM lor AofooMUeo. 
niPlNOBMENT OF CU>UD DROPLBTf OM AIRO- 
OTMAMIC Boon Af AFFECTID BY COMFRBII- 

DnJTY or Am flow aroumd the body. 

ptMiiia i. Bros, Mu t. Soroflat m4 BoIm M. 
QftUaDMf. Murcli 19U. lOp. Alogro. (NACA 
TN >903) 


Tho tnjoctorloo of wotor AroploU U • oomprotoIWo* 
air Dow flolA aroond a cyllndar wort coaipottd with a 
mtchanical aBalog. Tho rtauUa of tho calcuUUooa at 
tho niO»t crttlcal hUch numbor wort comparod with 
calcttlatlona of traloctortoo In an Incooiprooolblo 
flow Wold. For a cyltador, tho oUoct of coaiproao- 
IbUlty of tho air on tho droplot traloctortoo waa 
noUlflblt up to tho night crUlcal Mach numbor. 

Tho roooUa obtainod with tho cylinder woro oatondod 
to alrfoUa. Thlo oMonolon U poaolblo bocauoo tho 
Incomprooolblt now flolda of both cylindtro and 
alrfoUa are olmlUrly alterod by comproaalbUlty. 


DBterminatlun of BatO| Area, and W.strl'butlGn of 
ImpinflBiasnt of Waterdrope on Various Airfoils from 
Trajectories Obtained on the Differential AhaJjaer. 

By A. Or* Gulbert, Janssen, and W> M* Bobbins 

SAGA BM No. 9A0^ 

February 19^9 


Abstract 


The trajectories of waterdrops in air flowing 
over airfoils are determined for three airfoil - angle- 
of-attack combinations using the differential analyzer 
to solve the differential equations of motion of the 
waterdrops. From these trajectories the rate of 
water Impingement, the area of Impingement, and the 
distribution of Impingement are determined as functions 
of two dimensionless moduli. 

Comparisons are made of the rate of water 
impingement on these airfoils and the rate of water 
Impingement on cylinders. 
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NACA TN tMl 

Malloiial Atfvtaory CommtttM lor Aoronutlca. 

A MSTHOD rOR OITBlUilNINO CLOUD -OROPLET 
IMPINOBMENT ON IWEPT ffMOB. Rotorl 0. 
Dorocli and Rlnaldo J. Bran. April IBM. Itp. 
dugra. (NACA TN mi) 

Tba lOMral otfact ot wlof awaap oo clood-droplat 
tratadorlaa aboot awapl wtoga o( hlih aapact ratio 
mevliig at aubaonlc ipa ada la dlaniaaad. A Botliod 
ot computing droplal trajoctorlaa about jrawod 
cyllndara aod awopt wlaga la praaamad, and lUuatra* 
lira droplal lra)aetorlaa ara eompatad- A malbod 
ot aatanittog l«o>«ttmanalonal calculatlona ot droplat 
tmplngamant on noaavapi wlnga to awapl wlnga la 
praaanlad. n la abown that tha axlant of Implnga* 
mani ot cloud droplata on an alrloU aurtnca, tba 
total rata ot collactlon ot watar, and tba local rata 
ot Implngamanl per unit area ot alrfoU aurtaca can 
ba lound lor a awapl wing from two-dlmanalonal data 
tor a nonawopt wing. Tba Implngamanl on a awopt 
wing la obtained from Implngamanl data tor a non* 
awapl alrtoU aactlon which la tba aama aa tba aacllon 
In tba normal plana of tba awapl wing by calculating 
all dlmanalonlaan paramelara wUb raapact to flow 
condltlona In the normal plana ot the awept wing. 


NACA TN3147 

National Adviaory Committee lor Aeronautica. 
IMPINGEMENT OF WATER DROPLETS ON AN 
ELLIPSOID WITH FINENESS RATIO 10 IN AXI- 
SYMMETRIC FLO«'. Rlnaldo 3. Brun and Robert 
C. Dorach. May 1054. 31p. dlagrs., tab. (NACA 
TN 3147) 

The preaence of radomea and tnatrumanta that are 
aenaitive to water lilma or Ice formations in the noae 
aection of all-weather aircraft and miaallea neceaai- 
tatea a knowledge of the droplet impingement cha.'- 
acteristica of b^iea of revolution. Because It ia 
possible to approximate many of these bodies with an 
ellipsoid of revolution, droplet trajectories about an 
ellipsoid of revolution with a fineness ratio of 10 were 
computed fur incompressible axisymmetric air flow. 
From the computed droplet trajectories, the following 
impingement characteristics of the ellipsoid surface 
were obtained and are presented in terms of dimen- 
sionless parameters: (1) total rate of water impinge- 
ment, (2) extent of droplet Impingement tone, and 
(3) local rale of water impingement. Theae impinge- 
ment characteristics are compared briefly with those 
for an ellipsoid of revolution with a fineness ratio of 
S reported in NACA TN 3099. 


MACA TN lOM 

NiUontl AdvlMrjr ComUIm lor AtroMollM. 
IMPINOKIICNT or WATCH DROPLCTI ON AN 
CL UPtO IP WITH nNINCM RATIO S IN AXHYM* 
MCTRIC FLOW. Robort Q. Doroch, Rlnaitfo J. 

Bran and John L. Ortfg. March 1BS4. 50p. dlagra., 
tab. (NACATNIOBB) 

Tho proaoaco of radomaa and laatniatau that art 
aanalUft to arattr fUau or lea tomatlMM la Iba aoaa 
aactloa of aU<waathar aircraft and otlaallaa aacaaal- 
taiaa a knowladga of tha droplat lmpla(aaanl ebar> 
aclarlatlea of bodlao of ravointloa. Bacauaa tt la 
poaalbta to approMoiata aoaajr of tbaaa bodlaa »itb an 
alUpaotd of rairolutioa, droplet tra|actorlaa about aa 
aUlpaold of ravolutioB wUb a flMnoao ratio of B vara 
conpotad for Inconipraaalbla aatajrmatatrle air flow. 
From tha computed droplet tra)actorlaa, tha folloolnf 
Implnfamant characteriatlca of the aUlpaold aurfaca 
arare obtalcad and are praaantad In tarma of dIman* 
alonlaaa paramatara: U) toui rata of water ImpiaBc* 
aiant, (2) axtani of droplet tmpla(amanl tone, 

(3) dlatrlbutlon of tmpinglnf water, and (4) local 
rate of water Unplngcment. 


NACA TN 31S3 

National Adviaory CommUlaa for Aaronautica 
VARIATION OF LOCAL LIQUID-WATER CONCEN- 
TRATION ABOUT AN ELLIPSOID OF FINENESS 
RATIO 5 MOVING IN A DROPLET FIELD. Robert 
C. Dorach and Rlnaldo J. Brun. July 1BS4. 68p. 
^l««ra., photoa., 2 taba. (NACA TN 3153) 

Analyaaa cf calculated water -droplet trajectorlaa 
ahow that the concentration of liquid water at earloua 
polnta about an eltlpaoid of revolution moving through 
a droplet field variaa conaiderably. Curvea of local 
concentration factor aa a function of apatial poaltion 
**'• prcaenlad in tarma of dimenalonlcaa paramatara. 


NACA TNIlftS 

MattoAAl Advlaor^r Comr-HtM tor AtroMultcs. 
IMPmOBMENT OF WA1 CR DROPLETt ON NACA 
6SA004 AIRKNL AT ANGLE OF ATTACE. 

RinaMo 3. Bnm, H«l«a M. Oallaghcr and Dorothaa 
B. Vofl. July 1M4. »p. Aatra. (NACA TN 9 US) 

TIm traiactorlaa ot droptau In Um air ftowlnc oaat an 
NACA MA004 airfoil at an angla of attack ot r wart 
datarmlaad, TM aaaooat of watar In Araplat tom 
tmplnftnc on tka airfoil, tha aroa of droplat takpinca* 
manl, and t'<a rata of dr^al Implntamant par anil 
araa on tha airfoil aurfaca wara calcalaiad fron tha 
trajactorlaa and praaantad to eovar a larpa ranga of 
ni^ and almoaphariG condlllona. Hiaac latplnca- 
nant charactartatlca ara com^rad brtafljr adlh t h oa a 
prarloualy raportad for the aama airfoil at an angle 
o! attack of 4^. 


NACA TN 9410 

National Adrioory Commltlea lor Aeronautica. 
VARIATION OF LOCAL UQUID-WATCR CONCEN- 
TRATION ABOUT AN ELLD TOO> OF FINENCn 
RATIO 10 MOVING IN A DROPLET FIELD. Rlnaldo 
J. Brim and Robert O. Dorach. April iB$9. 91p. 
dlagra., photo., lab. (NACA TN 9410) 

Trajactortoa of water dropiata aboot an eUlpaold of 
revolution with a flnanaaa ratio of 10 (10 parcani 
thick) In flight through a droplet field ware computed 
with the aid of a dlffarantlal analyaer, Analyaao 
of thaaa trajocloriaa Indicate that the local concan- 
Iratlon of liquid watar at varloua pointa about an 
alllpaold vartaa conaldarably and under aoma con- 
dltlona may be cavaral llmaa the fraa-atraaa con- 
canlralion. Curvaa of the local concentration factor 
aa a function of apatlal poaltlon ware obtained and 
arc prcaanicd In terras of dlmcnalonleaa paramatara 
that deacrlbc flight and atmoapherlc condltlona. 
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lyobtaimno mfimokm w gy 

or ABWTIURY ^ i!5I!SmT^ 

S5ri!?oS£r?2iiT<J12^^ »• 

iaMM, Jr- Htreh WW. «*ir»- 

Ub. (NACATHSUa) 

STa-iS, 01 0- «. oi.~ oo»f~g^ 
uturalton. A »*lhod ia »Uo pre««i»*a 
4rop;«( •«• dIairlbaUoB 
U d»t.nn»n.a by 

mcnl characUrUUc# ot a body «o the ihaoraucai ira 
Rectory reaaUa lor the aame body. 


NACA TN 3S67 
Mattonal Advlaory CommWaa 
IMPINCIMENT of water DROPtlTf ON A 
SPHERE. Robart 0. Dortch, Paul 0. Eap*f* 

SrUa F.^ Novamber X#55. 29p. <IUfra., 
Ub. (NACA TN 35S7) 

Droplal tuiactsriat ab««a a aphara in l*ai 
llW wara caicuUU i. From iha ca^iad 
Iralacurlaa, tha dropiat-impingatnant cha ractaria - 
tlca of Iha aphara wara •**'**'®‘"*^ . 
dau and aquallona lor daiarmlnlng ^ ^/*^,^,*** 
llciancy. iha araa, and the diatrlbutlon d laaplnca* 
«^t ari pra-nt^d in farm. ol rtimanaionUa. pa- 
nmctara.*^ Tha ranga ol llighl and atmoapharic ^ 
conditloni covarad in tha caiculaUona waa 
eonaldarably bayond tha range coaarad by pravioualy 
reported ealcuUUona lor the aphara. 
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Nattou^Ad^ry Commtttaa ^ msc 

tuwMCEIISWT OF WATER DROPHOT **p. 

<r*MOi}LAR HALF BOOT IN A TWO-DUIBMIOHAL 

SroJOTSfiSil^ '£2. 

and P«— »*« J. Bnm. Fabruary 1»66. *1p. dlagra., 
(MACA TN 36SB) 


Trajactorlaa ol watar dr<^aM 
t«o-dteiai»alonal How flald ahaad o* 

•uiar eroaa aactloa and Inflnita aitant la tba dowa- 
toaa baaa caicul^ad b, 

^torMtlal analyaar. DaU on coUactUxn atticto^ 

and dttatrlMulon ol watar Uapintament art praaaatad. 
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NACA TN 3586 
National Advisory 

impingement of water 

65A004 AIRFOIL AT 0® ANGLE OF ATTACK. 
Rlnaldo J. Brun and Dorothea E. V^. Novaaiber 
1955. 28p. dlagra. (NACA TN 3586) 

The trajectories of droplets la the air 
an NACA 65A004 airfoil at an angle of attack 
were determined. The amovmt of water 
form lmplr.ging on the airfoil, the area of droplet 
Impingement, and the rate of droplet ‘*^‘"8*“*'^ 
^rmll area on the airfoil surface were calculMed 
^om the trajectories and presented to cover * 
range of flight and atmosjAerlc condUlons. Thew 
impingement characterUtlcs are compared brlrfly 
with those previously reported for the same alrfoU 
at angles ol attack of 4® and 8®. 
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REPORT 1215 


IMPINGEMENT OP CLOUD DROPLETS ON A CYLINDER AND PROCEDURE FOR MEASURING 
UQUID-WATER CONTENT AND DROPLET SIZES IN SUPERCOOLED CLOUDS BY 
ROTATING MULTICYUNDER METHOD ' 

Uy II. J. Hbi'N, W. I.KWia, 1*. J. Pkhkin*, itiid J. 8. StcRAriNi 

SUMMARY 

Evalvaium of the rutalin'! mullieylituirr tnetkod for Iht 
meaturenirnt of dropletniu dutribution, mlume-mrdian druidft 
tizt, and liquid-water content in clotuls xhowd that Kinall vn- 
eeriaintieti in the haxSe data eliminate the dixtinetion between 
different cloud droplet-uize distributions and are a source of 
large errors in the determination of the droftlet size, ('aleula- 
tions of the trajectories of dowl dro/dets in Ineompresslbte and 
Compressible flow fields around a cylinder were performed on a 
mechanical analog constructed for the stuihj of the trajectories of 
drvpirts around aerodynamic btsllrs. .Many data points were 
carefully calculated in order to detennine precisely the rate of 
droidet impimjement on the surface of a right circular cylinder. 

From the computed droplet trajectories. On following impinge- 
ment characteristics of the cylinder surface ur.~e eebtainrel anel 
are presenteel in terms eif elimrnsionless /larametrrs: (!) total 
latr etf water impingement, (S) extent eif elroidet impingement 
zone, anel (S) leecal elistributivn etf impinging water on cylinder 
surface. 

The rotating niulticylineler methed few infiiejht eletermination 
etf Hepiiel-water cemtent, dro/drl size, anel elroplet-size dislributieiie 
in icing cleiuets is elescribeel. The theory of o/eeratietn, the 
eipisiralus reifuireel, the- technigue eif obtaining elalei in filijht, 
einil ileliiiliil nielhisis of cedcu/elfing the results, including 
necessary cluirls and tables, etrr pnsenteil. An eixO nation of 
till miillicylindi r mithisl ini'ludis tin efficl on final risiills of 
drofilils that ilo not freeze coni fdi tel y on the cylindiis after 
sirikinij them, as well as proheibir irrnrs In fineil results cinisid 
by the inherent insi nsitirity of the multicglindi r iiie llnsl. 


NACA Rcp(. 1317 

National Advtaory Committee (or Aeronautlca. 
CLOUD-DROPLET INGESTION IN ENGINE INLETS 
WITH INLET VELOCITY RATIOS OF l.O AND 0.7. 
Rlnaldo J. Bnia. 1957. 11, 35p. diagra., tab. 

(NACA Repl. 1317. Superaedea TN 3593) 

The patha at cloud droplota Into two enflne inlet* are 
calculated. The amount ot water In droplet (orni 
Infeated by the Inleta and the amount and dlatrlbuUon 
of water lmptn(tng on the inlet walla are obtained 
from theae droplet-trajectory calculatlona. In both 
lypea o( Inlet a prolate elllpaold ol revolution (10- 
percent thick) r«i< -eaenta cither part or all o( the 
(orcbody at the center of an annular inlet to an engine. 
T^e condguratlona can alao repreaent a (uaelage of an 
airplane with aide ram-acoop Inleta. The principal 
difference between the two inleta atudied la that the 
inlet air velocity of one ia 0.7 that u( the other. 
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IMPINGEMENT OP CLOUD DROPLETS ON A CYLINDER AND PROCEDURE FOR MEASURING 
UQU1D4VATER CONTENT AND DROPLET STZES IN SUPERCOOLED CLOUDS BY 
ROTATING MULTICYLINDEB MBTHOO* 

By U. J. Bri'n, W. Liewia, 1*. J. Pkrbinb, tuid J. 8. SiuunNi 

SUMMARY 

Ebatuation oj A* rukitinp mnlHeylinder nuUutd for the 
meaturmrnt o/dropUtnize dintribution, iwtume-nudian droplet 
rize, and tiquid-wiUer ettnleni in elovdo Atnoed that «ma// ««- 
eertaiutieo in Ae baoie data eliminate the dioHnetion hetween 
different etoad droplet-oize dudribtUiotm and are a xonree of 
large emure in the determination of the drojdet oize. ('ulevla- 
tions of the trajeeiorieo of efoud dnudett in tncomprenoible and 
compretoribleflowfieldH antund a cyHwler were perfitrtned on a 
mechanical analog eomdmcted for the otiidy of the trajeetorien of 
drvph'to around aerodynamic ImdieK. Many data ptnnto were 
carefully calculated in order to determine precioely the rate of 
droplet impingemeni on the surface of a right cirrvlar cylinder. 

From the computed droplet trajectoriex, the following impinge- 
ment characterintieo of the cylinder surface tcere obtainnl and 
are presented in terms of dimrnxiontess frarameters: (/) total 
rate of water impintpment, (£) ertent of droplet intpiugetnent 
zone, arid (S) local distribution of impirujiug water on eyiittder 
surface. 

The rotating multicylinder method for in-flight determination 
of liquid-water content, dro/det size, and droplet-size distribution 
in icing clouds is describerl. The theory of o/reration, the 
upfHiratos required, the technique of tibUiluing data in flight, 
aiol detailed inethmls of calculating the results. Including 
necessary charts and tables, are presetded. .In emluatlon of 
the mulllrylltoler rnetloul includes the effect on final results of 
droidets that do not freeze com/tletely on the cglltolets after 
striking them, as well as prrrbable ernas in final results caii.sed 
by the lidierent Insensitirit'j of the rnultlcglltoler mellonl. 


NACAItopt. 1317 

National Advtaory CommlttM for AeroiuuiUcn. 
CLOUD-DROPLET INGESTION IN ENGINE INLETS 
WITH INLET VELOCITY RATIOS OF 1.0 AND 0.7. 
Rlnaldo J. Bnak 1057. U, SSp. dUfra.. tab. 

(NACA Rapt. 1317. Suparaadaa TN 3593) 

Tha patha of cloud droplata Into taro anflnc Inlatn art 
calculated. Tba amount of water In droplet form 
Incaatad by the Inleu and the amount and dlatributlon 
of water Implnglnf on tha Inlet walla are obtained 
from thaaa droplet-trajectory calculatlona. In both 
lypea of Inlet a prolate elUpaatd of raaotutlon (10- 
percenl thlch) rap-aaenta either part or all of tha 
forebody at the center of an anmdar Inlet to an enghie. 
T.^e conflfuratlona can alao repreaent a hiaela|e of an 
airplane with aide ram-acoop Inleta. The principal 
dltfaranca between the two Inlata atudled la that the 
Inlet air aeloclty of one la 0.7 that of the other. 
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NACATNiaeS ^ 

National Advlaory 

droplet DAPOJGEMEjrr AND WMOTOWOT 
SUPERSONIC NOSE INLET IN WBSCMC 
TONDmONS ThomaaF. Ot^r. May 1958. 88p. 
dlagra.i photoa. (NACA TN 4868) 

Tha aicount of watar bk claod dnplat form 
toy a loU-acala auperao^aoM 

canter toodywaamaaaurad. 

imptopamaot ratea on tha cowl and 

laMaweraalaoobUlnad. All mnaaoramante wa» 

made with a dya-tracar !*>•* “^* *^ 

attack of OO and 4 I®, droplat dlamatera from 11 to 
10 microna, and ration of Intel to iraa*atraam aaloc- 

ity from 0.4 to 1.8 wnra atudted. 

«nra conflnad to a frea-atream Ma^ h* 

0.831 and ara axtandabte to othar aitoaonlc apaada toy 
dlmenslonteaa Implo^mant parametera. 


56 


NACA TN 3830 

National Advlaory Commit*. ?e for Aeronautlca. 
experimental DROPLET IMPINGEMENT ON 
SEVERAL TWO-DIMENSIONAL AIRFOILS WITH 
THICKNESS RATIOS OF 6 TO 16 PERCENT. 
Thomaa F. Gaidar, William H. Smyara, Jr., and 
Uwa von Glahn. Dacambar 1956. Up. diagrn., 
phot'ja., taba. (NACA TN 3838) 


Tha raia and area of cloud droplat Implngamant on 
aavaral two-dlmenalonal awept and unawapt airfolln 
were obtained experimentally In tha NACA Lawla 
icing tunnel with a dye-tracer technique. AlrfoU 
thirkneaa ration of 6 to 16 percent, anglea of attack 
from 0“ to 12®, and chord aizea from IS to 96 inchaa 
were included in the atudy. Tha raaulta ara pra- 
sented In the form r£ dimenalonleaa Implngamant pa- 
rametera In order to cover a wide range ol flight and 
almospherlc condltiona. 
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HACA TN S770 

National Advisory Coinmlttaa tor Aoi^ull^ 
IMPIWCEIIENT or DROPLETS IN 60® ELBOWS 
WITH POTENTUL PLOW. Paul T. Hackar. Paul O. 
Sanar and Charlaa F. Kadow. Oc lobar 1066. 

64b. dUagra.i taba. (NACA TN 3770) 


Thooraticat trajaclorlaa wara datarmlnad for droplata 
In air Rowinf throush 60® albowa. Tha albowa wara 
aatabUahad by aalecting aa walla ol oacb albow ^ 
straamUnaa ol a two-dtoanalonal flow Hold producad 
by a complaa potantlal function. Thaaa albowa ara 
aultabla for uaa In aircraft air-lnlat ducU. Droplat 
impingamant dau ara praaantad In tarma of dlman- 
alMlaaa parainotara along with amplrlcal aquatlona 
ao that tha raaulta can ba appllad ovar a wlda ranga 
of condltlona and albow slcas. A compariaon of tba 
#0® albow with pravious calculation! lor a comparabla 
00° albow Indicatad that iha impingamant cbaractar* 
iatlca of the two albowa are vary aimilar. 


NACA TN 4002 

National Adviaory Commlttaa for Aaronautlca. 
EXPERIMENTAL DROPLET UIPINGEIIENT OH 
FOUR BODIES OF REVOLUTIOH. Jamaa P. Lawla 
a.id Robert S. RuggerL December 1057. 6lp. 
diagrs. , pbotoa. (NACA TN 4003) 

Tba rata and area of cloud droplet Impingement on 
four bodies of revolution ware obtained aaparl- 
mentally in the NACA LawU Icing tunnel. Spheres, 
ellipsoidal forabodlas of finanaaa raUoa of 3.5 and 
3.0, and a conical forabody of 30® included angle 
were studied at angles of attack of 0® to 6®, rota- 
tional speeds up to 1300 rpm, and an airspeed of 
157 knots. Tha results are presented in the form 
of dimensionless impingement parameters in order 
to cover a wide range of flight and atmo^iherlc 
conditions. 


NACA IN 408S 

N'tUm.'.l Adv!»ory C immlUee tor A*ronawif»- 
IMPINGL AENT OF CLOUD DROPLETS ON 3«.»- 
PERCENT-THtCK JOUKOWSKl AIRFOIL aT MRO 
ANCLE OF ATTACK AND DISCUSSION OF VMM 
CLOUD MEASURING INSTRUMENT IN DW-J^CBR 
TECHNIQUE. R. J. Bnm and DoroOita B. Vofl. 
September 1957. 52p. dUira., Uba. 

(NACA TN 4035) 

The trajectorlee o( droplete Ui the air flowing pnet a 
36.5-percent -thick Joukowekl airfoil at aero angle of 
iitLiCk were determined. The amount of water ta 
droplet form Impinging on the airfoil, the a^ of 
droplet Impingement, and the rate of droplet Impinge- 
ment per unit area on the airfoil eurface were calcu- 
lated Irom the tr-Jertoriea and cover a Urge range 
of flight and atmospheric conditions. With 
tailed impingement information available, the 36.5- 
pcrcent-thick Joukowski can serve the dual puiyoee 
of use as the principal element in InatrumenU for 
making measurements U clouds and of a basic etit^ 
for estimating Impingement on a thick atreamiined 
bodv. 


NACA RM E56EU 

National Advisory Committee for Aeronautics. 

USE OF TRUNCATED FLAPPED AIRFOILS FOR 
IMPINGEMENT AND ICING TESTS OF FULL-SCALE 
LEADING-EDGE SECTIONS. Uwe H. von Claim. 

July 1956 . 29p. dlagrs , photo*., tabs. 

(NACA RM E56E11) 

Experimental studies were made with an NACA 
65} -112 airfoil section truncated at the 30- and 50- 
percent-chord sUtlons and equipped with a tralllng- 
edge fUp. When the truncated airfoils were com- 
pared with the full-chord airfoils, the velocity dU- 
trlbution and the impingement characteristics were 
similar with the flap properly deflected, but were 
altered eubstantUlly without flap deflection. Use of 
flapped truncated airfolU permits Impingement and 
icing studies In Icing tunnels to be co^ucted with 
full-scale leading-edge sections over a greater rsnge 
of couditions than previously possible. 
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Propeller Icing Protection 


61 BACA TECHNICAL NOTE 1178 

A FLIGHT INVESTIGATION OF THE THERMAL 
PERFORMANCE OF AN AIR-HEATED PROPELLER 
John F. Darsov and James Selna 


SUMMARY 

Observations were made during flight in natural-icing conditions and 
by the collection of thermal data on the propeller during flight in clear 
air and in clouds at temperatures above freezing. The propeller vas 
equipped vith standard hollow steel blades which were altered to permit 
heated air to enter the blade cavities at the propeller hub and to leave 
the cavities at the blade tips. The distribution of air flow inside the 
blades was not controlled. 

Ibe observations in natural-icing conditions together with the ther- 
mal test data indicate that little or no protection to the leading-edge 
region of the propeller blades would result during flight in severe 
natural-icing conditions. In natural-icing conditions only light-icing 
conditions were encountered; however, ice accretions formed on the leading 
edges of the blades in the region of blade stations 30 to 1»0. The clear 
air Md cloud tests showed the propeller blades to be inefficient heat ex- 
changers in that more heat energy was discharged in the air flow leaving 
the propeller than was dissipated through the propeller-blade surfaces. 

Ibe measured blade-surface temperatures Indicated that Inadequate heating 
was provided to the leading-edge region of the propeller and show the need 
of providing means to increase the heat flow through the leading-edge re- 
gion of the blades. 
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Zelng ud Dt-Iolas of a PropoU.or with Intonal 
XLootrio Blodo Haator* 


UCk n lo. 1691 
August, 1946 


Abstract 

9s-lolag cffsetlToiisss of Internal aloetrle 
p^opcUar-bladc heater vaa detemlned at tso loing and 
^ operating eonditloos vltb heat applied oontlnu^ 
ouaXp and ojolloally, and the required heat-on and 
ejole tinea are ahovn. 

Chortolae extent of lelng vaa greater than that 
eorered bp blade haatera. Adequate da-lolng la heated 
ar a vlth oontlnuons heating vaa obtained with power 
available but naxlnoa power input of 1250 vatta per 
blade vaa Insnfflelent for opollo de-lelag. Surface 
teoperature-rlae rates of 0.2° to 0.7° F per second 
were obtained and alnlnaa cooling period for cpllo 

de-lolng vaa approzlaatelp zk tines the heating period. 

£ 


De-Iclng EffectlveneBB of Erternal Electric 
Heaters for Propeller Blades. 

Bp Jaaea P. Levis 

K4CA TN No. 1520 
February 1948 

Abstract 

Icing protection provided bp external ruober-clad 
propeller blade beaters at several lcin& beating, and 
propeller operating conditions has been determine. 
Effects of propeller speed, aabient-alr tenperature, 
liquid water concentration, beating power density, dura- 
tion of heating, and total cycle tine on power roquire- 
sents and de-lclng pezTonnance were Investigated. 

Power densities of 4^ to 10 watts per square Inch 
were required for cyclic de-loing with best chordwlee 
distribution approaching uniform ty. Heating tines of 
approzlnately 24 seconds were required with ratio of 
heat-on to total cycle tine of 1:4 giving beat reauita. 
Mean rate of rise of beater twoperature of approximately 
1.1° F per second was ob\Alned. 


c.a‘:;:AL page is 
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64 An lleotrio Ibruat Hater Suitable for Flight InTea* 

tlgatlon of nropellera. 

Sj Porter J. Parklna and Mortou B. Mlllenaoa 

lACA BM Ho. X9C17 
Nay 1949 

Abstract 


A lightweight instrument that utllites reaiatanoe- 
wlre electric strain gages to mss sure props ller-ehaft 
thrust has been deTeloi>ed. A wind-tunnel inyeetlgation 
on a propeller installed on a single-engine pursuit 

airplane showed that the instrument gave a reliable « 

indication of propellar-sbaft thrust to an accuracj of 

+p percent within its calibrated range. Ho attsupt was 

mde to determine the relation of indicated shaft 

thwiat to net propeller thrust. 


65 Inrestigation of SffeotiTeness of Air-Heating a 

Hollow Steel Propeller for Protection against 
loii^. I - Itopartitloned Propeller Blades. 

Bj Donald R. Hilholland and Porter J. Perldns 

HACA IH Ho. 1566 

Maj 1948 1 

I 

Abstract 


An icing InTSStigaticn of an air-heated hollow 
steel propeller with blades radiallj partitioned at 
25-percent chord was ocnduoted in the HACA CleTsland 
icing research tunnel. 

Results showed that at 650 rpm a heating rate 
of 7000 Btu per hour per blade prorlded adequate 
icing protection at 23® F but not as leer as 15® F. 
Surface tenperaturea indicated satisfaotorj chord- 
vise distribution. The blade heat-exchanger effec- 
tiTenees was found to be 77 percent. 
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lATIORAL iHnSORT OOMOTllZ FOB AZROBAUnCB 


TKBNICAL mn 10. 1567 


nvsTKunoii or vikctivuibs or AiB-mTnio a lomw 

8TEZL roOFELLER FOB FEOTSCTIOR AGULUST ZCSC 
n • 50-FEBCZIfT PARTmORSD BUSES 
Bz Port«r J. P«rklni bbA Dod& 1£ B. Mulholland 


SIAMABY 

ni« iolz)£ prot«otloD afforded an Intamal alr-baated propeller 
blade bj radial partlticmljig at 50-peroent chord to oonflse the 
heated air to the foxvard half of the blade vaa deteraloed In the 
BACA Clereland lolsg reeearch tunnel. A aodlfled produotlon-nodel 
hollov steel propeller vas used for the InTestlgatloo. Teaperatures 
of the blade surfaces for ssTeral heating rates vere neasured undsr 
Tarlous tunnel Icing conditions. Photographic obserratlons of Ice 
fomtloos on blads surfaces and blade heat^zchanger effectlTeness 
vere obtained. 

With 50>percent partitioning of the blades, adequate Icing pro- 
tection at 1050 rpD vas obtained vlth a heating rate of 26,000 Btu 
per hour per blade at the blade shank using an air temperature of 
400^ F vlth a flov rate of 260 pounds per hour per blade, which Is 
one-third less heat than vas found necessaz 7 for similar loe pro- 
tection vlth unpartltloned blades. The chordvise distribution of 
ths applied heat, as determined bjr surface temperature measurementa, 
vas coDsldersd unsatisfactory vlth much of the heat dissipated veil 
back of the leading edge. Heat -exchanger effectiveness of approxi- 
mately 56 percent also indicated poor utllliatlon of available heat. 
This effectlvsness vas, however, 9 percent greater than that obtained 
from unpartitioned blades. 


A.. 
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67 ZnTtatlgiktlaD of lff«otlT«Maa of Air-Haatlng a 

lolloir Btaal Propallar for Protaotloa a^lnat leiag. 
Ill - 25-Paroant PartltloDad Bladaa 

Bj Donald B. Nulholland and Portar J. Parklna 

BACA TB lo. 1586 
mj 1948 

Abatraot 

An iolng InTaatlgatlon of an air-haatad holloa 
ataal propallar vlth bladaa radlallj partitionad at 
25-paroant chord aaa ocoduotad in tha lACA Claaaland 
Icing raaaaroh tunnal. 

Baaulta ahoaad that at 850 rpn a haatlng rata 
of 7000 Btn par hour par blada proTldad adaquata 
loing protaotion at 23^ P but not as lov as 15° f • 
Surfaoa tMparaturaa indloatad aatlafaotorj ohord* 
vlaa dlatrlbution. Tha blada haat-azohangar affao* 
tlvanaaa vaa found to ba 77 paroant. 


68 NACA TECHNICAL NOTE ll*9** 

A METHOD FOR ESTIMATING HEAT REQUIREMENTS FOR ICE 
PREVENTION ON GAS- HEATED HOLLOW PROPELLER BLADES 
V. H. Gray and R. G. Campbell 

SUMMARY 


The propeller blade is analytically divided into a niunber of short 
radial segments, successively treated as separate heat exc' angers. Ex- 
pressions for the total external and internal heat transfer are combined 
to determine the surface temperatures of each segment. The thermodynamic 
steady-flow equation is given for the internal gas-flow process and ex- 
pressions are obtained for the radial variations of gas temperature and 
pressure within the blade. For a given initial gas temperature in the 
blade shank cavity, the minimum gas flow is determined, which will pro- 
vide surface temperatures of at least 32° F everywhere on the heated 
portion of the blade. An expression for the required heat-source inj/ut 
to the gas is included and a formula is given for calculating the re- 
quired blade-tip nozzle area. 
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MACA TM mi 

Natloiwl AdrUory ComotUlM lor Aoroaoollco. 

AN INVimSATlON UmniNO AN EUCTMCAL 
ANALOGUE OF CYCLIC DE-KINO OF A HOLLOW 
dTEEL PROPELLEE WITH AN EXTERNAL BLADE 
IHOE. Carr B. Ntol, Jr. Dtconbor 1M2. Idp. 
dtoiro. , pholoa. , 9 ttbo. (N..CA TN MSI) 

A olody ol Ibo boot roqulrononto tor cyclic at-lclo| 
of hollow stool propoUors (Ittod with oxiomal bisdo 
shoos, utlHslsf SB oloctrlcsl saslocuo, showod bow 
osorfy roqulronoala could bo docrossod by diSBROS 
Is tbo mothod ol oporatlon ot oslstloc aboos sad 
Ibroufb propor blsdo-aboo dostfn. Savlncs In total 
onorgy la tbo ordor ol fO porcont would bo possiblo 
la oacb csao. Enorgy rogulroaionls woro shown to 
Incrosso with docrosslng llquld-wslor contoot and 
air tOBiporaturo. 


NACA TN SOaS 

National Adolaory Cooimlttoo lor Aoronautlca. 

AN INVESTIGATION UTIUZING AN ELECTRICAL 
ANALOGUE or CYCUC DE-ICING OF HOLLOW 
STEEL PROPELLERS WITH INTERNAL ELECTRIC 
HEATERS. Carr B. Nool, Jr. OOobor 1953. Sip. 
dlagrs.. photo., 3 tabs. (NACA TN 3015) 

An analytical study, utlUiing an oloctrlcal onaloguo, 
ol the boat roqulromonta (or cyclic do-lctng ol hollow 
atool propcllora (Ittod with two typoa ol Intornal 
oloctfic hoators showed tho Impracttcabtllty ol using 
an Intornal tubular healor, and lllustralod tho 
advantages ol employing an Intornal shoe -type hoator 
to distribute the heat more evenly to tho blade aur- 
(aco. Tho Importance ol minimising the thermal 
laortta ol tho oyatom was domonat rated, and tbo 
magnitude ol r^ucilona In tho total energy roqulro- 
mont made poaalble through reductions In heating 
period was indicated. 
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NATIOlUL ADVISORT CGM4ITIKI FOB AXROUOTICS 


ncBiriCAL icox 2212 


TEX EFFECT CP ICE FOEOftVTIOIlS GR 
FROPELIER PERFCEtMAECE 
By Carr B. Bael, jr., and Loran 0. Bright 

8IBMABT 


Maaturements of propeller efficiency lose due to ice fomation are 
■upplenented hy an analysis to establish the nagnitude of efficiency 
loeses to be anticipated during flight in icing conditions. The measure— 
aents vere made during flight in natural icing conditions; vhereas the 
analysis consisted of em investigation of changes in blade-eection aero- 
dyna^c characteristics caused by ice formation and the resulting pro- 
peller efficiency changes. Agreement in the order of magnitude of effi- 
ciency losses to be expected is obtained between measured and analytical 
results. The results indicate that, in general, efficiency losses can 
be expected to be lees than 10 percent; vhereas maximum losses, which 
will be encountered only rarely, may be as high as 1^ or 20 percent. 
Beported losses larger than 1^ or 20 percent, based on reductions in 
airplane performance, probably are due to ice accretions on other parts 
of the airplane. 

Blade-element theory is \ised in the analytical treatment, and cal- 
culations are made to show the degree to which the aerodynamic charac- 
teristics of a blade section must be altered to produce various propeller 
efficiency losses. The effects of ice accretions on airfoil-eection 
characteristics at subcritical speeds and their influence on drag- 
divergence Mach number are examined, and the attendant maximum efficiency 
losses are conputed. The effect of kinetic heating on the radial extent 
of ice formation is considered, and its influence on required length of 
blade heating shoes is discussed. It is demonetrated bow the efficiency 
loss resulting from an icing encounter is influenced by the decisions of 
the pilot in adjusting the engine and propeller contrcls. 
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avzsTzaiiiOH or icivo ceabactiristics or toical 

LZCET-ASaiAKI EIGIRE ZNDOCTIOR ?XSTE>B 
Ijr VlUarl D. Colts 


8T1MARY 

Th* lolng cbaracttrlstleo of two typical light>airplane englna 
Induction Bytteaa ware Inveatlgated using tha oartvuratora and aanl- 
folds of anginas In tha horaapowar ranges frca 65 to 85 and 165 to 
165. Tha soallar system consisted of a float-typa oarburatcr with 
an unbaatad manifold and tha larger system consisted of a single- 
barrel pressure-type carburetor with an oil- Jacketed manifold. 

Carburetor-air temperature and humidity llmlta of Tlalbls and 
serious Icing vez*e determined for Tarlous engine power conditions. 
SsTeral nietbods of achieving Ice-free Induction aystems are dls- 
cusaed along with estiaates of aurface beating requlremanta of the 
Tarlous Induction-system components. 

A study was also made of the Icing characterletlce of a typical 
ll^t-alrplane air scoop with an exposed filter and a modified 
system that provided a normal res Inlet with the filter located In 
a position to Induce Inertia separation of the free water from the 
charge air. 

The principle of opei*atlon of float-type carburetors Is proved 
to make them Inherently moxe susceptible to Icing at tha throttle 
plate than pressure-type carburetors. The results Irlicated that proper 
Jacketing and beating of all parts exposed to the fuel spray can 
satisfactorily reduce or eliminate icing in the float-type carburetor 
and the manifold. Pressure- type carburetors can be protected from 
serious Icing by proper location of the fuel-discharge nozzle com- 
bined with suitable application of heat to critical parts. 
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ICING-PtOTBCTlON REQl'IREMENTS FOR RECIPROCATING-ENGINE 
INDICTION SYSTEMS 


Ity WlIXAMB D. CoUM, VbHM 0. ltwU4N, WhI 1>UN«LB It. Mtil.NOU.AHB 


SUMMARY 

/Mtjtile tk* JrrtUif$mfi4t rrlalirrl^ irr-Jrrt 
•yatoOM, tkt wtJfftrtnJ %** aiUrauU «mI kmlrd-tir inlulerm, 
MtiJ tkt «M «y uleokol Jor emrrgmrif v/ airrrufl- 

tHffimt imJudwH ayMriNa m a mirivmt jtmkltm. IntrMifiiiiivHK 
kut httn matit to thuiy ttui to romAol utl fJttmtt »j Ikit inay 
t»robUm. k'rvm tkeae tNi«afiyii/i>N«, erilrnunt /or «tf/r o/trni- 
fioN mitJ jnr dttigtt «/ hmw ituitiftimt tyMtmt hare ketn tttnk~ 
titktd. 

Tkt rttvlta wtrt obtaintil jntm labitrulury tHrrttlyalioHt o/ 
carkurrlur-tufttrekariftr romhitMtivHM, tVfHJ-tnuMrl inrettif/a- 
lioht ttj air tcooftt, muillrytiMilrr-^iitfint uttulirt, anti Jllykt 
iktettiyatiuHt. CturmcUrUtirt uj tkr Ikrrr jvrmt uj irr, iMyact, 
Ikrvti/ihif, anil Juel taujitntliuH, wre thulirJ. 7%r rjfriit uf 
ttrrral Jartort oh tke icing ckararlrrittirK wrrr alto ttmlint and 
iHrlotltd (/) atmoMjikrrie coHditioHu, (d) rtiginr and air-ncuoit 
roHjigunilloHi, XHcloJiHg iigkt-tiiifdaHr tgttriiiK, (S) lyy*r uj 
futi uttd, and {4) oprratittg nuiablrt, tuck at /ntwcr cauditluH, 
utf oj a tuauijold prtttvrr regulator, mictarr triliiig, carkurttar 
krat, and waUr-tilcokol injection. In addition, icr-drtrction 
tnethodt were iumdigated and tntlkout oj /trenruting and rt- 
uioeing indueiiontytttui ice were ttaJied. Utcutnmrndutiont 
are gluen jor detign and ojuration vitk regard to induction' 
tgtiem icing. 


MACA RM EME07 

NatloMd AArlB 0 i 7 CommlttM for AoraaBodcs. 
INVESnCAllOM or AEROOYKAMIC AKD ICXNO 
CHARACTERISTICS OF A FLUSH ALTERNATE- 
INLET INOUCTKW -SYSTEM AIR SCOOP. Jubm P. 
LovU. July 1S5S. 42p> Slacrs., photos. (NACA 
RM EUE07) 

Ab iBTBBUcatlOB of tk« BtrodjmBBilc Bod Iclaa chBroc- 
UrlBUcB cf B faU-Bcalt laducUoa-ayatom Blr-Booop 
BBBombly iBOorporBUnc a Quah-typo BltBraato fadot 
«BB coBduetod IB Um NACA Lovla IdaK roaoBreh 
ttauML Tht lartBUcBlloa «bb aBd* ofor a roago et 
maas-Blr-Oow ntlos, aaglM of attack, alr^toBda, 
air tOMporBtiirBB, Uquld-wBtar coaual, aad droplat 
bUbb. TSb ram lalal ebtb food praBaora raoerafy 
Ib both claar air aad teinc. bid rapid blorklag of Uit 
cardiralor aeiaaa occurrad la Icinf. Tba altaraata 
lalat poor praasura raoorary la both claar air 
cad Idas, bd ao aarloua acraaa Idas aas odalnad, 
ISa latraaldatloa lacludad tba aaa of prabaat air 
aloaa aad .« eomblnalloa *tth ram- aad altaraat*- 
lalat air. 
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Turblne-Tvpe Enaln« and lnl«t IcIm Stiidl— 


75 Natural Icin£ of cm Axial -Flow Turbojet Eckglne 

In Flight for a Single Icing Condition. 

Bj Loren V . Acker 

NACA RM No. E8P01a 
August 12, 19^6 


Abstract 

A fll^t Investigation In natural Icing conditions 
was conducted to determine the effect of Ice formations 
on perfonnance of axial -flow turbojet engines. Results 
are presented for a fll^it In which liquid-water content 
varied from 0.077 to O.U90 gram per cubic meter. 

During 60 minutes In Icing, tall -pipe temperature 
increased from 865° to 9^5° F the Jet thrust 
decrea sed from 1950 to 1700 pouxils . The engine was 
satisfactorily accelerated to take-off power near the 
end of the Icing period. 


76 Prelladnery’ Results of Natural Icing of an Axlal- 

Flov Turbojet Ihglne* 

By Loren W. Acker 

NACA RM No. ESCIC 
August IS ^ 


Abstract 

A fll^t Investigation in natural Icing conditions 
was conducted to determine effect of Ice formatloDS 
on performance of an azlal-flov turbojet engine. 

Results are presented for a fll^t In which the Icing 
rate varied fvca 5.1 to 2.1 Inches per hour. 

During 45 minutes In Icing, tall -pipe tes^eratore 
Increased from 761° to 1065° F and Jet thrust decreased 
from 1234 to 910 pounds. Ice penetrated to the second- 
stage stator blades. 
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Icing Charact«rlitlCB and Anti-Icing Heat Bequironents 
for BoIXov and Internally Modified Gaa-Heated Inlet 
Guide Vanea. 

By Vernon E. Gray and Dean T. Bowden 

NACA BM E50I06 
December 1950 


Abstract 


Gas temperatures and flow rates required for anti- 
icing a two-dimensional cascade of turbojet inlet guide 
vanes were determined for hollow and internally modified 
vanes. The pressure losses caused by icing on unheated 
guide vanes were also determined. 

Less heat was required for anti- icing internally 
modified blades than for the hollow blades. Pressure 
losses across the cascade were greater at an inlet 
temperature of 22° F than at 0° F because of the 
characteristic shapes of ice deposits at the two 
temperatures. 


NACA TN SS37 

NtMoBal Adviaorj CommlttM (or Atrooautlea. 
INVESTIGATION OF HEAT TRANSFER FROM A 
STATIONARY AND ROTATING ELLIPSOIDAL FORE- 
BODY OF FINENESS RATIO 3. JaatM P. Lavla ud 
Rotwrl S. Rufsorl. No*«a>btr 19SS. 46p. dlafra., 
photo., Ubo. (NACA TN 9197) 

Ezparlmaotal cobtocII** hMt tranalar whS obUload 
(or v90-lncb-dUintttr (orabodj (or alrapaoda up to 
140 knota, rotational apaada up to 1900 rpm, anflaa 
-t attack al 0**, 9°, and 8**, and both unCorn aur(aca 
tamparatura and untlorm Input haal danattp. Tha 
raauUa afraa wall with lhaorattcal pradlctlona. S(- 
(acta o( rotation wara inalfiildcant. and a((acta o( 
anfla ol attack onlp minor. Tranattlon (rom laminar 
to turbulant haat iranatar aarlad oaar a Raynolda 
numbar ranpa oi O.S a 10* to 8 a 10*. Ltmltad Iran- 
alant haattnf data indlcatad that tha ehansa ol aurlaca 
tamparatura with tlma (ollowad an at^anantlal 
ralatlon. 
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NACA TN 4MS 

National Advlaory Commlttaa tor Aoronantlca. 
tNVCSnCATION or DAT TRANSrTR mOM A 
STATIONARY AND ROTATINO CONICAL FORI- 
BODY . Robart 8 . Ru((trl and Janas P . LovU. 
Oclobnr 19S7. SQp. dlagrs., pkoto., lab. 

(NACA TN 4M3) 

Riparlmantal convactlva bant transfar was dator- 
mlaad for a conical (orabod; (ISO half-angla) tor 
(roo-atrann ralodUaa to 400 faat par sacood, 
rotational apatda up to 1200 ipn, tnglaa of of 
OO md 80 ^ oad tor boating conditions of unltorn snr- 
tsca tanparatura and unlt;>-n baatar tapnt powar 
danslty. For tbo tuibulant raglon, tha rasults wara 
In closar agroamant with valuas pradlctad for two- 
dlmanslonal bodlos than wltb tbosa pradlctad tor a 
cono. Illacta of rotaUon wara Insignificant. For 
tha stationary q>lnnar at go sngla of attack, tha haat- 
tranafar coaftlclonU wara 6 to 13 par cant graalar on 
tba lowar surfaca than on tha uppar aurtaca. Karly 
boundary-layar tranaltlon occurrod for all 
Inrastlgatad. 


80 Investigation of Power Bequiremente for Ice Prevention 

and (^lieal De-Icing of Inlet Guide Vanes with 
Internal Electric Heaters. 

By IVe won Glafan and Robert B. Blats 

BACA BM BS0B29 
December 1950 


Abstract 

An investigation was conducted to determine the 
electric power requirements for turbojet-engine inlet 
guide vanes with continuous heating and with cyclical 
de-icing for a range of icing conditions. 

Minimum total power requirements for continuous 
heating and cyclical de-icing are presented in terms of 
arerage surface datum temperature. An analysis is 
included to extend the experimentally obtained contin- 
uous heating data to vane sixes and icing conditions 
other than those Investigated. (Cyclical de-icing 
provides a total power saving as hi^ as 79 percent over 
continuous heating for a typical engine installation. 
Heat-on periods of 10 seconds or less with heat-off 
periods of 60 seconds are recommended for cyclical 
de-icing. 
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NACA Investigations of Icing-Protection Systems for 
Turbo J et - Engine Installat ions . 

By Uve von Glahn, E^und E. Callaghan, and 
Vernon H. Gray 

NACA RM E51B12 
May 19^1 


Abstract 


A suimnary is presented of the investigations 
made in flight and in wind tunnels at the NACA Levis 
laboratory to determine which oompcnents of turbojet 
engines are most critical in icing conditions and to 
evaluate several icing-protection methods. 

CosQ>lete removal or retraction of compressor- inlet 
screens upon entering icing conditions is reconmended. 
Surface heating appears to be the most acceptable icing- 
protection method, althou^ hot- gas bleedback offers a 
simple method for obtaining icing protection on some 
installations. 


NACA RM E57C09 

National Advisory Cotnmlllee for Arrocautics. 
TOTAL-PRESSVRE DISTORTION AND RECOVERY 
OF SLPERSONIC NOSE INLET WITH CONICAL 
CENTERBODY IN SUBSONIC ICING CONDITIONS. 
Thomas F. Csidcr. Ssplsmbsr I9S7. 41p. dis(rs., 
FholoB. (NACA RM E57G09) CONFIDENTIAL 

Ic* *<*• formed cm a lull-scale unhealed supersonic 
nose inlel over a ranfe o( conditions In the NACA 
Lewis icing tunnel to determine its elfecl on 
compressor -lace total -pressure distortion and 
recovery. The addition of Ice to the inlet compo- 
nents Increased distortion levels and decreased re- 
covery values compared with rlear-air results, the 
losses increasing with lime in Icing. The combina- 
tion ol glaie ice, high corrected wieight flow, and 
high angle of attack yielded the highest levels of dis- 
tortion and lowest values of recovery. 
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InT0s^lgfttlon of Asrodjoaiilo ud lolng ChBraotsrlatloa 
of ¥»tor-Inortla-Separatlon Inlota for Turbojet 
^Inaa. 

Bj IVa Ton Clahn and Bobart S. Blati 

HACA BH I 5 QE 03 
July 1950 


Abstract 

Aarodynamlo and Icing Investigations of several 
Internal water- Inert la-separation Inlota doslpied to 
prevent entrance of water Into a turbojet engine In an 
icing condition are presented. Comparisons of total- 

pressure loss, mass flow, and icing characteristics are 

made. 

Completo icing protection of Inlet guide vanes was 
not achieved. Approximately 9 percent of the volume of 
water entering the Inlota remained In the air. For non- 
Icing operation, total-pressure losses wore ccxnparable 
to those of dlroct-ram Inlota. Uhder Icing conditions 
considerable total-pressure losses wore obtained with * 
inertia-separation Inlota. 


Wing Icing Protection 

AN ANALYSIS OF THE DISSIPATION OF HEAT IN CONDITIONS OF ICING 
FROM A SECTION OF THE WING OF THE C-«6 AIRPLANE 

J. K. Ha«dt 

SUMMAkV 

A mrtkod givtn jor calculating the temperature that a 
turjace, healed interttally by air, u'ill amiume in ttjtecijied con- 
dition* oj icing. The method can be applied generally to pre- 
dict the pet/ormance, under eotulition* oJ icing, of the thermal 
*yatem for protecting aircraft. (. 'alculalion* hare been made 
for a tection of the mng of the C~4(> airplane, and the reetult* 
agree eloaely mth the temperature* meaavred. The limit 
protection, vhen the temperature of the aurface reachea F, 
has been predicted for ‘he leading edge. The temperature of 
the aurface in condition* of icing 'ddlh air at 0° F alao haa been 
calculated. The effect of kinetic heating and the efiect of the 
concentration of free uater and aise of droplet in the cloud are 
Jemonatraied. 
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NATIONAL ADVll^Oiy COMillT'Qi: IX)!) AOtONAUl'ICS 


TCCUNICAL NOIE NO. lli /2 


TEE CALCULATION OF TEE HEAT BEQUIHE3) FOR 
VINO TEEIMAL ICE FREVUCnON IN 
SPECIFIED ICING CONDITIOie 

Sy Carr B. Neel, Jr., Nonuan R. Bergrun, 

David Jukoff, and Bernard A. SohlAff 

SIBMARX 

Aa a result of a fundamental inveatl^tlon of the meteorological 
conditions conducive to the formation of Ice on aircraft and a study 
of the process of airfoil thermal Ice prevention, previously derived 
equations for calculating the rate of heat transfer from airfoils In 
Icing conditions vere verified. Xhovledge of the manner In vhlch 
water Is deposited on and evaporated from the surface of a heated 
airfoil was expandod sufficiently to allow reasonably accurate calcu- 
lations of airfoil heat roqulremonts. Ihe research consisted of 
flight tests In natural-lclng conditions with two S-foot^-chord heated 
airfoils of different sections. Meaeurements of the meteorological 
variables conducive to Ice formation were made simultaneously with the 
procurement of airfoil thermal data. 

It was conclidod that the extent of knowledge on the meteorology 
of Icing, the Impingement of water drops on airfoil surfaces, and the 
processes of heat transfer and evaporation frcm a wetted olrfoll 
surface has boon Increased to a point where the design of heated wings 
on a fundamental, wet-air basis now can be undertaken with reasonable 
certainty. 
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NACA RM BSUM 

Nallontl Advlaory ConunlttM lor Aoronautlca. 
PRKLDUNARY RB8ULTI OF CYCLICAL DB-ICINQ 
OP A OAf -HEATED AIRPOIL. V. H. Grm;, D. T. 
Bow«1m ud U. *00 GUho. Juuiary ISM. Sip. 
ptwtoa. , dtagrs. . Ub. (HACA RM 26UM) 

Aa NACA S6* -SIS alrloU o( S-lool chord wu pro- 
vidod vtlh a gaa-hoalad laadlaf odfo lor lavoaUsa- 
tlona o( cyclical da-lclag. Do-lclag waa accon- 
pllahod with Intonnlttool boatlaE at airfoil ■■fiiioida 
that aiippllod hot (aa to chordwtao paaaafoa la a 
doablo-akla caaMructlon. Icr rtmoral was lacUl- 
tai«d by a apaawlao laadlo(-o j» partla( atrip which 
waa crntlBuoualy hoatad Iron tho (aa-aupply duct. 
Preliminary rM.<>ta damonatrmte that aatlafactory 
cyclical let rtmond occur a with ratloa of total cycle 
time to heat-oo period from 10 to SO. 


NACA RM ESUSO 

National Adrlaory Committee for Aeroaautlca. 
PRELIMINARY INVESTIGATION OP CYCUC DE- 
ICING OP AN AIRPOIL USING AN EXTERNAL 
ELECTRIC BEATER. Jamea P. Lewie and Dean T. 
Bowden. February 1902. 43p. photos., dtagra. 

(NACA RM EOlJSO) 

An Inrestlgatlon was conducted In the NACA Lewis 
lcln( research tunnel to determine the characteris- 
tics and requirements of cyclic de-lclng of an airfoil 
by use of an aatcrnal electric beater. The preaeat 
Investlfatlon was limited to an airqteed at ITS mtles 
per hour. Data are presented to show the effects of 
variations tn heat-on and beat -off periods, ambient 
air temparature, liquid-water content, an(lc of attack 
and beating distribution on the requirements for 
cyclic de-lclng. The external heat flow at various 
Icing and heating conditions Is also presented. A 
continuously heated parting atrip at the aIrfoU lead- 
ti 4 edge was found necessary for quick, complete, 
and consistent Ice removal. The cyclic power re- 
quirements were found tn be primarily a function of 
the datum temperature and heat-on time, with the 
other operating and meteorological variables having a 
second-order effect. Short heat -on periods and high 
power densities resulted In the moat efficient Ice 
removal, the minimum energy Input, and th* mini- 
mum runback Ice formations. 


101 


r 


88 NACA TN I4M 

National Advlaorjr Commlttaa (or Aaronautlca. 

• COMPARISON OP BBAT TRANSFER PR(MI AIRPOIL 
IN NATURAL AND BIMULATBD ICINQ CONDmONS. 
Thomaa F. Oaldtr and (ainta P. Lawla. Saptambar 
19&1. Sip. dUcra., pbotoa., S Uba. (NACA TN MM) 

An aaparlmantal inraatlcatton of tha haat trana(ar 
from an B-(oot -chord airfoil modal In elaar air and 
la almulatad Icing condUlona waa conductad in tha 
Iclnf tunnal. Ttwaa raaulta ara compared adth thoaa 
obtained In a (light Inaaatlgatlon with tha aama modal 
at almllar operating condltlona. The tunnel raaulta 
Indicate tha attact o( tunnel turbulence bf tba forward 
t movement of tranaltlon from laminar to turbulent 

boat tranafar. The flight reaulta indicate that the 

> convective heat tranafer In Icing la conalderablj 

different from that meaaured la clear a'r and obXj 
allghtlj different from that obtained In tha tunnel 
during almulated Icing. 


89 NACA TN 2914 

National Advlaory Committee (or Aeronautlca. 

A METHOD FOR RAPID DETERMINATION OF THE 
ICING LIMIT OF A BODY IN TERMS OF THE 
STREAM CONDITIONS. Edmund E. Callaghan and 
John S. Serafinl. March 1953. S3p. dlagra. 

(NACA TN 2914) 

The eUecta of existing frictional heating were ana- 
lysed to determine the conditions under which Ice 
formations on aircraft aurfacea can be prevented. A 
method is presented (or rapidly determining by 
means of charts the combination of Mach number, 
altitude, and stream temperature which will maintain 
an ic( -free surface in an icing cloud. The method 
can be applied to both subsonic and supersonic (low. 
The charts presented are for Mach numbers up to 
1.6 and pressure altitudes from sea level to 45,000 
feet. 



NACA TN SMI 

NtUonal Advisory CommlttM (or AsronauUca. 
ANALYTICAL INVESTIOATION OF ICINO LDIIT 
FOR OIAMOND-WAPID AIRFOIL IN TRANIONIC 
AND SUPERSONIC FLOW. Edmund B. CalU|iuii 
and John 8. SsnUlnl. Janaary 1958. ISp. dlafra. 
(NACA TN aSSl) 

Calculatlona hava baan mada Ibr tha Iclas limit o( a 
diamond airfoil at aaro anHs oi attack In tarms et 
tha atraam Mach mimbar, airaam tamparatura, and 
praaaura altltuda. The Icing limit la daflnad ma a 
waitad-aurfaca tamparatura of II** F and la ralatad 
to tha atraam conditlona by tha mbthod of Hardy. 

Tha raaulta show that tha point moat Uksly to lea on 
the airfoil Iloa Immadlataly bahlnd the ahooldei and 
la eubject to possible Icing at Mach numbers aa high 
as 1.4. 


NACA RM E53C26 

National Advisory Committee (or Aeronautics. 
DE-ICING AND RUNBACK CHARACTERISTICS OF 
THREE CYCLIC, ELECTRIC, EXTERNAL DE-ICING 
BOOTS EMPLOYING CHORDWISE SHEDDING. 

Robert 8. Ruggcii. May 1953. S2p. photos. , 
dlagrs. (NACA RM ES3C26) 

The performance characteristics of three cyclic, 
electric, rubber-clad de-tcing boots ware evaluated. 
Each boot was operated In Icing at design specifica- 
tions of 21 watts per square Inch (or cycled areas, 

13 watts per square Inch (or continuously heated 
parting strips, a heat -on time of 10 seconds, and a 
cycle ratio of 10. For a (ree-stream velocity of 
approximately 395 feet per second, the range of (ree- 
stream total temperature at which the Icing protec- 
tion afforded by the various boots became marginal 
was from 12° to 15° F (or values of liquid-water 
content employed. The runback characteristics 
of the boots were similar. The forward cycled 
segments, upper and lower surfaces, were the most 
critical areas (or the three boots Investigated. 
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MACA KM IUCI7 

NkttoMl AdrUory CommlttM tor AoroMuUea. 
COMPAlUaON OF SEVtRAL METIIOM OF CYCLIC 
DB-ICING OF A GAB-Mt^lTED AnFOlL. Vomoo 
H. Oray ud Doan T. Bowdaa. Jana IMS. Mp. 
dla«ra. . photoa. , S taba. (NACA RM EUCST) 

■aaaral malhoda of cyclic da*lcla| A a ■aa-baatad 
alrfoU wara invaatlfatad to datarmlaa Ica-ramoaal 
characUrlaUca and baatln( raqalramanta. Ttia cyclic 
da*lclnf ayatan with a apaawlaa lca>(raa partlnt 
atrip la tha ragloo and a conaUnt- 

tamparatura |aa>aiipply duct (ara tha qulckart and 
Boat raliabla lea ramoval. Haatlnf raqulraniaaU 
lor tha aavaral nathoda of cyclic da-lclag arc 
compared, and tha aavlnfa ovar contlnuoua lea 
prarantlon ara ahown. Dau ara praaantad to ahow 
tha ralatloa of aurfaea tamparatura, raU of aurface 
haatlng, and baatlng tlma to tha ramoval of tea. 



NACA TN SISO 

National Adviaory Committee lor Aeronautica. 

A PPOCEDURE FOR THE DESIGN OF AIR -HEATED 
ICE-PREVENTION SYSTEMS. Carr B. Neel, Jr. 
June 19S4. 63p. dlagra., photo. (NACA TN 3130) 

The procedure to be followed In the dealgn of air- 
craft Ice-preventlon equipment In which the compo- 
nenta are protected by meana of Internally circulated 
heated air la outlined. In addition to preaentatlon of 
the required heat-tranafei and alr-preaaure-loaa 
equatlona, a atmple electrical analogue la deacrlbed 
which was devlaed to facilitate the design of an air- 
healed system. An Illustration Is given of the 
application of the analogue to a design problem. 
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NACA KM I54I0I 

NattoiMl Atfvtaory Comialtl*> lor AtroMullco. 

iNvnnoATioN or ponou qaa-hiatid 
LtAOINO-EDOB HCTION FOR laNO PROTBCTIOM 
or A Delta wing. Dom T. Bowdon. Jwutry 
lt»». »4p. aucrs.. photoa., Ub. (NACA 
RM E»4I0S) 

An Invontlgmllon wan conductnd In tha NACA Lavla 
tclag raaaarcb lunnal (o datarmina hanllnf raqidra* 
otanu and characlarlattca of a ^-haalad poitNM 
laadinc-adga ayalam lor antl-lcin( ol a dalu wtiif. 
Adaqualt lcln( protactbM waa obUinad lor all IcIiy 
conditlona Invaatlfatad. Larfa aaringa In ^a Ilow 
ntay ba raallaad by aaalli« hall tha «vpar-aurtoca 
POi^tva aroa. Qaa flow through tha poroua araa 
cauaad only a alight tncraaaa In airtoil drag and had 
BO appraclabla allact on alrloil praaaura dlatrtbulloa 
OUaa-lca lormaUoaa on tha wihaatad airlotl caiwad 
rapid Incroaaaa In aactlon drag. 


NACA RM EMB2S 

National Advlaory Committaa lor Aaronaulica. 

IJEAT REQUIREMENTS FOR ICE PROTECTION OF 
A CYCLICALLY GAS-HEATED, 36® SWEPT AIR- 
FOIL WITH PARTIAL-SPAN LEADING-EDGE SLAT 
Varnoo H. Gray and Uwa H. Vbn Giahn. May 1666. 
TSp. diagra., photoa., taba. (NACA RM ES6BZ3) 


Haatlng raguiramanu lor aatiatactory cyclic da- 
icing over a wide range ol icing and operating condi- 
tiona have been obtained (or a gaa-haatad, 36® awapt 
airloll with a partial -npan laadlng-adge alat. Cob- 
,)ariaona ol healing raqulremanta ware made between 
the elatled and unalatt^ portiona ol the airloll and 
beiveen cyclic de-icing and contlnuoua anti-lciag. 
Cyclic dc-icing ayalema with and wlthoui leading- 
edge ice-lrae parting atripe were alao evaluated. 
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lff«otlT»D 0 tt Of Tboraal'PDOuuitic Airfoil -loo 
Protootlo" 8jst«B. 


Performance 
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9/ VlUleB I. Oovmn, Jr., and Donald B. Mulhollaad 

lACA m ISXLOa 
April 19% 

Abatract 

Iclog axkd draf, ioTeatigatioDa were conducted in 
tha BACA I .tfla icing reaearch tunnel on a thermal- 
poevsnatlo de-icer mounted on a 42-inch-chord lACA 0016 
airfoil. Narglnal power denaitlea for the leading-edge 
electrlctvUjr heated area were obtained. Drag comparl- 
Bona were made between the bare alzfoil and tha earioua 
opentlni condltiona of the pneuniatic aectlon of the 
de-icer during icing and noniclog of the airfoil aur- 
face. 


Penalties 


NACA RM CS3J30 

Naltonal Advisory CommtltM lor Avronautlr*. 
EFFECT OF ICE FORMATIONS ON SECTION DRAG 
OF SWEPT NACA 63A-OOB AIRFOIL WITH PARTIAL- 
SPAN LEADING-EDGE SLAT FOR VARIOUS MODES 
OF THERMAL ICE PROTECTION. U«e H. von GUhp 
and Vrrnon H. Cray. March 1954. 59p. dlagra., 
phutck. (NACA RM E53J30) 

Sludira wrrr made to dclernitnc lh« alirri ol Icc 
lurmaliona on the aacliun dra( o( a 6.9-lou(-rhord 
36" awrpi NACA 63A-009 airfoil with partial-apan 
leading -adtir alal. In (riiaral. lha lrin| ol a thin 
awppi airloil will rraull in (raatar aarodynamic 
panalliri ihan lur a Ihirk unawapl airloil. Claaa-Ica 
lormaiiona al lha laadinc adtr of tha airfoil cauaad 
larcr inrrraaaa in aarlion draii avan at a llquid-watar 
ronlanl ol 0.39 (ram par cubic malar. Tha uaa of an 
Ica-fraa parting atrip in lha alagnation raglon cauaad 
a nagligibla change in drag cemparad with a com* 
plataly unhaalad airloil. Cyclic da -icing whan 
proparly applied cauaad lha drag to dacraaaa almoat 
to lha bara-airloil drag valua. 
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MACATUmi 

Mattonal A*rlMf 7 CoMUttM lor Aorooooilc. 

irncT or ici and movr roRMATnMOH 
DRAG or NACA Mflll AOtrOO. rOR TAMOOi 
MOOU or TMEMIAL Cl rROnCnON. lorMo 
Oroy aad Uwa ■. voo QUIm. Jmt INI. Mr. 
lUgra. , ykoioa. OIACA TN INI) 

■lodlM wrro m4o to Attormtoo too ifloei oIIm uA 
frool lormotloM oo Um drog o( aa l-loel-cliorA 
NACA Mi-lll alrfoU. At MfH ai^aa of attack (1^, 
0aaa*lca toroMUoaa oa tta apptr rjrfaca aaar Ike 
laadlaf adga ol aa alrfoU ca a aoA larfi laeraaata la 
drag aad laclpfaat alalllag ol Iha alrfoU. Naakaek 
Iciag oa lk« lower aarfaca, aacigt lor kaary apaa- 
wiaa lea rldgaa, praaaalad ao aarlooa drag proMami. 
Nlaa-lca loroialloaa oa Um laadlag adge did aot 
catiaa large drag lacraaaaa. Cyclic da-lclag of Um 
leading edge auccaaafally derraaaad Um drag alaaoal 
to Ui* bare airloU drag valea. Froal foraiatloea oo 
alr(> U aarfacaa caaaad targe drag lacraaaaa aad 
■ay raeult la aUlllag of Um alrfoU. 


99 Iffectg ctf Ic* ForaatloiiB on Alrplan* Poxfoni- 

ance In Lertl Crulilng Fll^t. 

Bj 0. Merritt Pr*«ton and Calrln C. BlActaan 

HACA TH Ho. 1598 
Mtjr 1948 


Abstract 


Flight Inrsatlgatlon In natural Icing condi- 
tions vaa oondJcted «o dstemlne effect cf Ice 
accretion on airplane pexforaance. 

Mazluiiffl loss In propeller efflclencj encoun- 
tered vae 19 percent. During 87 percent of the 
propeller icing encounters, losses of 10 percent or 
leas vere obserred. Ice fonttatlons on all oon- 
pononta of the airplane except the iiropellers dur- 
ing one ^cing encounter resulted In an Increase In 
parasite drag of the airplane of 81 percent. The 
control response of the airplane In this condition 
vas Darglnal. 
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MACA TM ISM 

NtUonal Advlaory Commute* (or AtromwUca. 

ICINO PROTECTION FOR A TURBOJET TRANS* 
PORT AIRPLANE: HEATING REQUIREMENTS, 
METHODS OF PROTECTION, AND PERFORMANCE 
PENALTIES. Thomu F. Goldtr, Jam** F. UwU 
Bad Stanley L. Eouts. January 1953. 1, 5Tp. 
dlagr*. , tab. (NACA TN ISM) 

Th* heating requirement* (or eereral metboda of 
Icing piotectlon (or a typical turbojet tranaport air- 
plane operating over a probable rang* at Icing eondl- 
ttona are evaluated, and th* airplane performaac* 
pcnalttea aaaociated with providing thla protection 
from varloua energy eourcea are aaneeaed. Con- 
tlnuoua heating requirement* and airplane penaltle* 
(or the turbojet tranaport are conalderably Increaaed 
over thoae for lower-apeed aircraft. Heating re- 
quirement* can be aubatantlally reduced by uae of a 
cyclic de-icing ayatem and choice of th* proper 
energy aource. 


NACA TN 35M 

National Advlaory Committee (or Aeronautic*. 
EFFECT OF PNEUMATIC DE-ICERS AND ICE 
FORMATIONS ON AERODYNAMIC CH.'.RACTEP!8- 
TICS OF AN AIRFOIL. Dean T. Bowden. February 
I9S6. S9p. dlaprs., photo*. (NACA TN 3564) 

Meaaure.-nenta of drag, lift, and pitching moment of 
an NACA 0011 airfoil were made in icing condition* 
uairg pneumatic de-icer* having either apanwtec or 
chordwlse inflatable tube*. Lift and drag penaltie* 
due to de-icer Inflation and to ice remaining after de- 
icer inflation are presented, inflation of the 
apanwlse-tube de-icer caused a much greater In- 
crease in drag than inflation of the chordwlse-tube 
de-icer. The two de-icers were equally effective in 
removing ice. Lift and drag penalties resulting from 
ice formed with the de-icer inoperative are also pre- 
sented, as well as spoiler data for analyzing drag 
Increases due to ice formations. 



MACA TN 4151 

National Adrlaory Conuilttar lor AorooaaClca. 
CORRELATIONS AMONG ICE MEASUREMENTS, 
IMPINGEMENT RATES, ICING CONOmONB, AND 
DRAG COErnClENTS FOR UNSWEPT NACA SSA004 
AIRFOIL. VamooB- Gray. Fabrnary 1951. 45p. 
dlacra., pbiMM., tabs. (NACA TN 4151) 

Aa amplrteal ralathw U darlrad by which cbaasaa In 
sactlon drag ooatflelanta doa to lea on aa NACA 
S5A004 airfoil ara calcalabla from known Iclag and 
oparatlng condtUona. Iba corrslatloo la obUlaad by 
ana of mcasorad lea baigbts aad lea aaglas. Initial 
lea walgbts ara In agraamant with droptat implnga- 
mant teta; la glaaa oondltlons, lea walgbts laeraaaa 
at prograaslvaly graatar rataa wlih ttaaa. 


NACA TN 4155 

National Adrlaory Commlttaa for AeronaotlCB. 
AERODYNAMIC EFFECTS CAUSED BY ICING OF 
AN UNSWEPT NACA 55A004 AIRFOIIL. Yamon B. 
Cray and Uwa B. von Glaho. Fabraary 1Q5S. 4Tp. 
dlagra., pbotoa., tabs. (NACA TN 4155) 

At angles of attack lass than 4<* both rime aad glase- 
Ice formations Increased drag, reduced UR, and 
raducad dlrlng momenta. At anglea of atta^ greater 
than 4**, drag ooeBldenta Increased with glase-lce 
formatlona and decreased with rime lea; lift cosfU- 
denta generally tacraaaed with glsM lea aad wars 
▼arlably affected by rime ice; pltchlng-moment 
changes were rather erratic and depended on the Ice 
shape. Whan the airfoil was Iced at high anglea of 
attack aad rotated to lower angles, large negatlre 
pitching moments w^ra obtained. Ice formsttons on 
the airfoil had no significant affects on control- 
surface hinge naoments. 
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NASA TTi D-2I66 

National Aeronautics and Space Administration. 
PREDICTION OF AERODYNAMIC PENALTIES 
CAUSED BY ICE FORMATIONS ON VARIOUS 
AIRFOILS. Vernon H. Cray. February 1964. 19p. 
OTS price, $0.50. 

(NASA TECHNICAL NOTE D-2166) 

An equation Is presented by which changes In drag 
coefficients due to Ice formations on airfoils with 
thickness ratios up to 15 percent may be calculated 
from known icing and flight conditions. Baaed on 
limited data, changes in lift and pitching-moment 
coefficients due to ice on thick, blunt airfoils may be 
estimated from the corresponding changes In drag 
coefficients: for thin airfoils at higher angles of 
attack no general relation Is obtained. 


Windshield Icing Protection 


105 naca technical note 11»34 

A METHOD FOR CALCULATING THE HEAT REQUIRED 

FOR WINDSHIELD THERMAL ICE PREVENTION 

BASED ON EXTENSIVE FLIGHT TESTS IN 

NATURAL ICING CONDITIONS 

Alun R. Jones, George H. Holdaway, 
and Charles P. Steinmetz 

SUMMARY 

An equation is presented for calculating the heat flow required 
from the surface of an internally heated windshield in order to prevent 
the formation of ice accretions during flight in specified icing con- 
ditions. To ascertain the validity of the equation, comparison is made 
between calculated values of the heat required and measured values ob- 
tained for test windshield in actual flights in icing conditions. 

The test windshields were internally heated and provided data 
applicable to two common types of windshield configurations; namely the 
V-type and the type installed flush with the fuselage contours. These 
windshields were installed on a twin-engine cargo airplane and the icing 
flights were conducted over a large area of the United States during the 
winters of 1945-^6 and 19^6-1*7. In addition to the internally heated 
windshield investigation, some test data were obtained for a windshield 
ice-prevention system in which heated air was discharged into the wind- 
shield boundary layer. 
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MACA RM BS8K17a 

NiUoul AdTliK>r7 CommlttM for AtronaoUca. 
PREUmNAR* DATA ON RAIN DIFLECIION PROM 
AIRCRAFT WINDSHIELDS BT MEANS OF mCH- 
VELOCmr JET -AIR BLAST. Robart B. RufitrL 
July 1985. ITp. dlagrs., photoa. (NACA 
RM E8SE17a) 

RtaulU Indlcata that rain dallactlon by |at-alr blaat 
appaars faaalbla for fUght apaada comparabla with 
landing and taka-off; howavar, vlalbUlty through tha 
aalat ganaratad by raindrop braakig) praaanta a prob- 
1am. For the almulatad wlndahlald uaad, air-flow 
rataa of aboM 9.3 Ib/mln-ln. of npan ware raqulrad 
for adequate rain deflection at an alrapaad of 138 
mph. A method waa devlaad whereby large -diameter 
water dropa (1000 to 1500 4) can be produced In a 
moving air atream, wlthoot breakig), at apeeda In 
aaceaa of 175 mph. 


Cooling Fan Icing Protection 


107 NACA TECHMICAL RCrE 121*6 

WIND-TUNNEL INVESTIGATION OF ICING OF AN ENGINE 
COOLING-FAN INSTALIATION 
James P. Levis 

SUMMARY 

An investigation was made of the icing characteristics and means 
of ice protection of a typical radial-engine cooling- fan installation. 

The investigation was made at various icing and performance conditions 
in the icing research tunnel of the NACA Cleveland laboratory. 

The icing of the vinprotected cooling-fan installation was found 
to present a serious operational problem. Reduction in air flow below 
the minimum value required for engine cooling-air flow through the fan 
assembly occurred in as little as ^ minutes under normal icing conditions. 

Steam de-icing was fovind to be effective for the cowling lip and 
inlet duct. Alcohol de-icing of the fan blades and stator vanes was 
found to be unsatisfactory. Electrical heat de-icing of the fan blades 
was found to be effective but de-icing of the stator vanes was not com- 
pletely effective at the power densities investigated. 
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Radome Icing Protection 


108 naca rm cssAia 

Nalk)oal Adrlaory CommittM tor Aeronutlca. 

AN ANALYTICAL ffTUDY OF HEAT REQUIRE- 
MENTS FOR ICING PROTECTION OF RANDOME8. 
James P. Lewis. March I9SS. SOp. dlacrs. 

(NACA RM E53AU) 

The heat requirements tor the Icing protecthw ot two 
radome contiguratlons have been studied over a range 
ot design Icing conditions. Both the protection limits 
of s typical thermal protection system and the rela- 
tive effects of the various Icing varlaMes have been 
determined. For full evaporation of all impinging 
water, an effective beat density of 14 watts per 
square Inch was required. When a combination of 
the full evaporation and running wet surface systems 
was employed, s beat requirement of 5 watts per 
square Inch provided protection at severe Icing and 
operating conditions. 


109 NACA RM ES2JJ1 

National Advisory Committee for Aeronautics. 
EXPERIMENTAL INVESTIGATION OF RADOME 
ICING AND ICING PROTECTION. James P. LewU 
and Robert J. Blade. January 1SS3. SOp. dlagrs. , 
photos. (NACA RM E52J31) 

In an Investigation of radome Icing and Icing protec- 
tion In the NACA Lewis Icing research tunnel, the 
Impingement of water and the formation of ice <j.. '.wo 
ra^me configurations were found to agree well with 
theory and experience. The ice formations on the 
radomes produced serious effects on radar perform- 
ance. The ethylene glycol fluid-protection system 
gave adequate Icing protection to: both anti-icing and 
de-lclng. The radomes were Inv.stigated at air- 
speeds up to 290 miles per hour, air total tempera- 
tures of -15° to 20° F, water contents up to 1.0 
gram per cubic meter, and angles of attack of 0° and 
4°. 
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^ Antenna Icing 


110 Determination of Aircraft Antenxia Loade Produced bj 

Natural Icing Condltlona. 

By William L. Kepple 

NACA RM Ho. 17B26a 
February 19Ufl 

Abetract 

Presents the effect of distance flown In tbe icing 
region, antenna length, and antenna angle on the ten- 
sion occurring in aircraft antennas. 

Antenna tension Increased with antennf. angle. 

The maxlmvn tensions recorded were: 

0° to 15° - 68 poimds 
44° - 274 pounds 

64° - 439 pounds 


111 Vibration and Icing Izxrestlgation of CAA Type V-109 

Very-High-Frequency Aircraft Antenna. 

By William E. Gouan, Jr. 

NACA BM No. SEdD20 


Abstract 

Vibration and icing characterletloa vers Inreeti- 
gated In the NACA doing research tunnel on a CAA type 
V-109 Tery-hlgh-frequency aircraft antenna proposed 
for omnldlrectlonal-range operation. Vibration of the 
antenna elements vas obserred for both icing and non- 
iclng condltlona. Mazlnum rlbratlon amplitude obserred 
vas approximately 7 Inches at the end of an element 
24 inches long during Icing, and failure of an element 
occurred In one instaiKie d'nlng Icing. Vibration vltb- 
out Ice accretion vae not ooere. 
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Inl«t and V-tnc Icing Prof ctlon 

112 IxiTestlsatlon of AerodjroBoic and Iolzi£ Cbanotoriatioa 

of Beceased Fbel'Yent ConfiguratiooB. 

B7 Bo^rt 8. Buggerl, TTwa Ton Glatanj and Yarn 0. BoUin 

NACA TM No. 1769 
March 1949 


Abstract 

An Inrestlgatlon vae conducted to detemlne aero- 
dynamic and Icing cbaracterlatlca of several recessed 
fuel -vent conflguratlonF. 

The vent configuration having diverging ramp aide- 
valla, 7*^ ramp angle, and vent tubes manifolded to a 
plenum chamber g^ve greatest vent-tube preseuree for all 
condltlone Investigated. Configurations vith diverging 
ramp sidewalls gave greater vent-tube pressures than 
configurations vith parallel sidewalls. In similar cloud- 
icing conditions, only the configuration vith a plemua 
chamber maintained adequate vent-tube pressures through- 
out 60-mlnute Icing periods. No complete closure of 
vent -tube openings due to ice formations occurred for 
configurations investigated. 


Jet Penetration 


113 NACA TECHNICAL NOTE l6l5 

INVESTIGATION OF THE PENETRATION OF AH AIR JTT 
DIRECTED PERPENDICULARLY TO AH AIR STREAM 
Edmund E. Callaghan and Robert S. Rugger! 

SUMMARY 

An experimental investigation vas conducted to determine the pene- 
tration of a circular air Jet directed perpendicularly to an air stream 
as a function of Jet density, Jet velocity, air-stream density, air-stream 
velocity. Jet diameter, and distance dovnstream from the Jet. The pene- 
tration vas determined for nearly constant values of air-stream density 
at two tunnel velocities, four Jet diameters, four positions downstream 
of the Jet, and for a large range of Jet velocities and densities. An 
equation for the penetration vas obtained in terms of the Jet diameter, 
the distance dovnstream from the Jet, and the ratios of Jet and air-stream 
velocities and densities. 
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FenetntloQ of Air Jeta laaulng fron Circular, Square, 
and iniptloal Orlfloea Directed Perpendlottlarl7 to an 
Air Streaa. 


115 


Bj Bobert 8. Buggerl, Edjnund E. Cal l ag h a n , and 
Dean T. Bowden 

HACA TR 2019 
February 1950 


Abatraot 

The penetration of air Jeta directed perpendicularly 
to an air atrean waa experinentally detenined. Jeta 
iaauing fro* circular, aquare, and elliptical orificea 
were inweBtignted and the penetration at a poeition down- 
Btreaa of the orifice vaa determined aa a function of Jet 
denaity. Jet relooity, air-atream denaity, air-atreaa 
velocity, effective Jet diameter, and orifice flew coef- 
ficient. Beaxdta are correlated in teima of dlmenaionleaa 
paraaetera and the penetrationa obtained with various 
shapea are compared. 

Greater penetrations were obtained with aquare 
orifices than with ciioular orifices of equal area. 


Investigation of Flow Coefficient of Circular, Square, 
and Elliptical Orifices at High Pressure Ratios. 

By Edmund E. Callaghan and Dean T. Bowden 

NACA TN 1947 

Abstract 


An experimental investigation was conducted to 
determine orifice coefficients of a Jet directed 
perpendicularly to an air stream aa a function of 
pressure ratio and Jet Reynolds number for elliptical, 
square, and circular orifices. Effect of air-stream 
velocity on Jet flow was determined for three tunnel- 
air velocities. Equations for flow coefficient in 
terms of Jet Reynolds number and pressure ratio were 
obtained for various shapes. 

Excellent correlation was obtained between results 
for Jet discharging Into still air and results for Jet 
discharging Into moving air stream, provided that 
correct outlet pressure was used. 
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MACA TN 3855 

National Advlaon Commlttaa (or AtronauUca. 
GENERAL CORRELATION OF TEMPERATURE 
PROFILES DOWNSTREAM OF A HEATED AIR JET 
DIRECl ED AT VARIOUS ANCLES TO AIR STREAM. 
Robart S. Rufftrl. Dacambar 1952. 59p. dUf ra. , 
tab. (NACA TN 2855) 

An aaparlmantal InTastlgatlon waa conductad to da- 
tarmlna the tamparatura profile downstream o( a 
haatad-alr Jet directed at various ancles to an air 
stream. The prodlas ware determined at two posi- 
tions downstream of the Jet as a (unction of Jet 
diameter, Jet density, (ree-stream density, Jst 
velocity, (ree-stream velocity. Jet total temperature, 
orlllce flow coefficient, and Jet dlscharfe ancles. 

A method Is presented which yields a cood approxi- 
mation of the temperature profile In terms of dimen- 
sionless parameters of the (low and ceometiic con- 
ditions. 


117 NACA TN 3466 

National Advisory Committee (or Aeronautics. 

A GENERAL CORRELATION OF T'iMPERATURE 
PROFILES DOWNSTREAM OF A HEATED AIR JET 
DIRECTEO PERPENDICULARLY TO AN AIR 
STREAM. Edmund E. Callaghan and Robsrt 8. 
Ruggerl. September 1951. S7p. dlagrs. (NACA TN 
3466) 

An experimental Investigation was conducted to dete» 
mine the temperature profile downstream of a heated 
air Jet directed perpendicularly to an air stream. 

The profiles were determined at aeveral positions 
downstream of the Jet as a function of Jet denMty, 
(ree-stream density. Jet velocity, Jet temperature, 
free-stresffl velocity, and orifice flow eoMflclent. A 
method Is presented which yields a good approxima- 
tion of the temperature profile In termsof dimension- 
less parameters of the flow and geometric conditions. 
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118 L^roTsmentB In Heat Transfer for Antl-Ioing of Gas- 

Heated Airfoils vlth Intsmal fins and Partitions. 

Bj Yexnoa E. Gray 

HACA IK 2126 
July 1950 


Abstract 

Tbs sffectiTsness of internal finning in airfoils 
vaa analyzed to determine design Tariables by i^iob local 
surface heat transfer may be efficiently controlled. 
ComparatlTe InTestlgatlons of gas-heated hollow airfoils 
Indloate that surface-heating rates for ice prerention 
may be increased up to 3.5 times by the addition of 
metal fins and flov-cooflnlng partitions to the airfoil 
internal paseage. 


119 NACA TN ITN 

National Adrlaorjr Commlttaa lor Aaronautlca. 
SIMPLE GRAPHICAL SOLUTION OF HEAT TRANS- 
FER AND EVAPORATION FROM SURFACE HEATED 
TO PREVENT ICING. Vernon H. Gray. Octobar 
1»S2. 19p. dlacra. (NACA TN 2799) 

Equatloni eipreaaln( the heat tranaler and evapora- 
tion Irom wetted aurlacee dcrlnf Ice prevention have 
been almplllled and regrouped to permit eolutlona by 
Btmple graphical meana. Working charta for quick 
and accurate antl-lclng calculatlona are alao included. 
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NACA TN 104S 

Mtloaal Adviaory CommUlat for Aaronaulica. 
ANALOGY BtTWIKN MAM AND HEAT TRANIFIR 
WrrM TURBULENT FLOW. Edmund E. CalUfhM. 
Octobnr IMS. 19p. dU(ia. (NACA TN 3045) 

An unlynU of combinod hotl and maaa Iranaftr fron 
a flat Plata baa baan mada In larma of Prandtl’a 
aiapUflad pbyalcal concapt of tha turbulani boundary 
layar. Tba raaulta of Uia analyala ahov that (or con- 
dltlona of raaaonably amal! haat and maaa tranafar, 
(ha ratio of tha ntaaa- and haat -tranafar coafficlanta 
ta dapandant on tha Raynolda numbar of (ha boundary 
layar, tha Prandtl numbar of tha madtum of diffualon, 
and tha Ichmldt numbar of the diffuainf fluid In tha 
madlum of diffualon. For tha particular caaa of 
watar araporatlng Into air, tha ratio of maaa- 
tranafar coafficlant to haat -tranafar coafflclant la 
found to ba allfhtly graatar than unity. 



121 NACA TN 3104 

National Adviaory Committac (or Aaronautlca. 
EXPERIMENTAL INVESTIGATION OF 8UBLUIA- 
TION OF ICE AT SUBSONIC AND SUPERSONIC 
SPEEDS AND ITS RELATION TO HEAT TRANSFER. 
Willard D. Coles and Robert S. Ruggerl. March 
1954. 29p. diagrs., photo. (NACA TN 3104) 

An experimental Investigation was conducted In the 
3.84- by 10-Inch tunnel to determine the mass trans- 
fer by sublimation, heat transfer, and skin friction 
for an Iced surface at subsonic and sigicrsonic 
speeds. The results show (hat the Stanton numbers 
of sublimation and heat transfer were Increaied 40 
to 50 percent for an Iced surface of moderate rough- 
ness as compared with those obtained for a bare 
plate. For Ice surfaces of equivalent roughneaa, the 
ratio of sublimation to heat-transfer Stanton numbers 
was found to be 0.90. Sublimation Stanton numbers 
obtained at a Mach number of 1.3 showed no appreci- 
able deviation from those obtained at subsonic 
speeds. Sublimation as a means of removing Ice 
formations of appreciable thickness Is so slow as to 
be of IlKle value In the de-icing of aircraft at high 
altitudes. 
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NACA TN 3143 

National Adviaory Comtuitlaa for AoronaaUca. 
DCPCMMENTAL DCTaRMlNATION OF THERMAL 
CONDUCnVITT or LOW-DENtITY ICE. Willard D. 

^^1*.^.**“”** ****• **P' (NACA 

TN 3143) 

Th* Iharatal conducllvtly oi lov-danally let haa bttn 
compultd from data obtalntd la an t^itrlatnlal la> 
vtallgallon of Uit baal tranafar and maaa iranafar by 
aubllmailon for an lead anrlaea on a flat plait In a 
hl|h>aaloclly UncanlUl alrairaam. Tha raaulta art 
comparad with data from aavtral aoorcta on Ilia 
Uiaraul eonduellvlty of packad ano> and aolld (laaa 
lea. Tha raaulla ahoa good agraamanl with lha 
packad-ano* valuta, and tha aalanalon of lha eurvaa 
for packad anow to tha aolld lea raglma Indicalaa 
that lha eurvaa art applicabla to lea ovar tha aniira 
danally ranga. 


nacati ism 

National * dviaory Conmillaa lor Aaronaulica. 
ICING Luirr AND WET -SURFACE TEMPERATURE 
VARIATION FOR TWO AIRFOIL SHAPES UNDER 
SIMULATED HIGH-SPEED FUGHT CONDITIONS. 
Willard D. Colaa. Fabruary I8SS. 33p. dtagra 
photon. (NACA TN 33M) 

-• variation of wal-aurfara lamparalura and tha 
condtiiona that vlll raauli In tca-fraa aurfacaa for 
•tfSh-dpaad flight through clouda wart Invaatlgatad 
a^rlmanially. Sba raaulta art comparad vlth 
calculatad valuta obuinad with an analytical mathod. 
The anil)rtlcal rMulIt v#rt fenerally conetreaUv#, 
giving vet -aurfaca tamparaluraa 3® to 4® F lowar 
than tha aiqiarlinania and pradlctt:^ lha formnUon of 
lea at valuta of ambiani-alr tamparatura up to l|o F 
higher than tha aapartmanla. Tha location of ana- 
lytically datarminad critical ragiona on tha bodiaa 
lor lha Initial formation of lea vaa aaparlmaiuallv 
aubataniutad. 
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NACA RM lUrOt 

NcltoMd Advtaory CoanUlM f • AvromUea. 
PMCLMINARY RBSULT« OP RtAT mANSPU 
mOM A ITATIONAKT AND ROTATDIO ILUTflOl* 
OAL IPINNIR U. yom Qihii. Aafaat ItU. Sip. 
dugra. , photo. , S taba. (NACA RM lUPOS) 

Tha coBvactlva haai>inuia(ar coanuiaata wara da* 
larailatd (or an al'ipaoldal pplnnar d SO-laeli BUd. 
■mm dUaeatar (Oi boUi ataUoaary aad roUilag opar- 
atlon. TIM raiifi ol eoadlUona aladlad lacladad air* 
aptada ap to STS mllaa par hoar, ratattoaol ap u d a 
■p to ISOO ipm, and anftaa ot attack o( aara aad d*. 
Tha raaolta Indicata that a hlfhar haat traaalar oc* 
currad with rotation ot tha aplar^r. Traaaltloa Irom 
laminar to tartmlanl Dow occarrad ovar a larpn 
ranga ol Rajmoida numbara primarily bacaaaa o( aar- 
(aca roagbnaaa ol tha apinnor. 
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125 NACA Preprint Ho. 225 

CORRELATION OF AIRFOIL ICE FORMATIONS 
AND THEIR AERODYNAMIC EFFECTS 
WITH IMPINGEMENT AND FLIGHT CONDITIONS 
Vernon H. Grey 

ABSTRACT 

An eapiricAl equation is developed by which changes in drag coef- 
ficients due to ice formations on an NACA 65AOOl« airfoil may be calcu- 
lated from known icing and flight conditions; this equation is then 
extended to include available data for other airfoils up to 15-percent 
thickness ratio. The correlation was obtained primarily by use of ice 
heights and ice angles meerured on the 4-percent thick airfoil. The 
final equation, however, do«;s not include the ice measurements, but 
relates changes in drag cc;.fficients due to ice with the following var- 
iables: icing time, airspeed, air temperature, liquid-water content, 

cloud droplet- impingement efficiencies, airfoil chord, angles of attack, 
and leading-edge radius-of-curvature. 

Changes in lift and pitching-moaent coefficients due to ice on an 
NACA 0011 airfoil are also related to the corresponding changrs in drag 
coefficients; additional data on lift and pitching-moment changes due 
to ice arc limited to the 65A004 airfoil, for which complex trends pre- 
clude a relationship within the scope of this paper. 
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THE ICZHO PROBLEM 

CURRENT STATVS OF HACA TECHNIQUES AND RESEARCH 
Uvt H. Ton Ql&hn 

ABSTRACT 


Icing of aircraft component! such as airfoil surfaces and engine- 
inlet systems creates a serious operational problem. Aircraft are nov 
capable of flying in icing clouds without difficulty, hoverer, because 
research by the NACA and others has provided the :.ngineering 'tesis for 
icing protection systeias. This paper summarizes some of the techniques 
used in NACA programs to solve aircraft icing problems and Indicates 
the scope of the data available for the design of aircraft icing pro- 
tection systems. The NACA Levis icing facilities, specific test equip- 
ment and techniques usea in conducting testj in icing wind tunnels, and 
several icing instruments are discussed in detail. 


127 NASA TECHNICAL MEMORANDUM X- 54 700 

(Also NASA IM-82265) 

SOME CONSIDERATIONS OF THE NEED FOR ICING PROTECTION 
OF HIGH-SPEED, HIGH-ALTITUDE AIRPLANES 
Uve von Glahn 

SUMMARY 

The icing problems of high-speed, high-altitude aircraft are 
confined to climb and let-down conditions. The performance losses 
in icing can be minimized by the use of an icing protection system 
at the expense of structural complexities and Installed weight. The 
elimination of airframe protection systems for aircraft subject only 
to short icing encounters appears attractive, provided the perform- 
ance penalty due to icing is not excessive. This paper considers 
the performance penalty caused by icing during climb in terms of re- 
duction in rate of climb and in range for aircraft without airframe 
icing protection and is intended to show only orders of magnitude 
rather than absolute values. 
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NACA TN 4M0 

NaUoatl Advisory Commlltss tor AsronsitUeo. 

A rUCMT EVALUATION AND ANALYSIS OF THE 
EFFECT OF ICING CONDITIONS ON THE ZPG-I 
AIRSHIP. VlUUiB Lewis snd Portsr J. Perkins, Jr. 

April I95S. SSp. dU(rs., photos-, Ub. 

(NACA TN 4»0) 

Test rUfhts conducted by the I). S. Nsvy In s number 
at typlcsl Icing conditions are described. The air- 
ship operated successfully la all Icing condltlaaa 
encountered, but the desirability of Uoklted protsctlon 
(or certain components was Indicated. Icing In 
clouds was confined to wires sad small components, 
but (resting rain and drlttle produced some Icing on 
the envelope also. Theoretical calculations are pre- 
sented which suggest that, while haxardous Icing In 

(resting rain can occur under certain meteorological * 

condltlans, the p: obablllty at encountering these con- 
ditions Is very small In coastal areas and approaches 
tero 200 to SOO milei offshore. 


129 NASA TECHNICAL MEMORANDUM X-54700 

(Also NASA TM-82266) 

ICING CONDITIONS TO BE EXPECTED IN THE OPERATION OF 
HIGH-SPEED, HIGH- ALTITUDE AIRPLANES 
William Levis 
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SUMMARY 

This paper considers the specific problems concerned with the prob- 
able frequency and severity of icing conditions to be expected in the 
operation of high-speed, high-altitude aircraft, as compared with the 
icing conditions encountered on older types of aircraft. There are two 
general aspects of this problem. The first phase of this discussion will 
be concerned with the frequency and probably severity of icing conditions ' 

at high altitudes. High-altitude airplanes, however, must still climb 
and descend through the lower layers of the atmosphere where icing con- t 

ditions are more frequent; therefore, the second phase of this discussion 
will deal with the effect of aerodynamic heating, due to high airspeed, 
on the icing potentialities of clouds encountered at low altitudes. 
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130 HACA Conference on Aircraft Ice Protection 

June 26-27, 19^7 

SUMMARY 

HACA* 8 latest research results were presented in 1^ papers at 
' the June 19**7 Conference on Aircraft Ice Prevention. The papers 

are compiled herein. 

/ 


131 SOCIETY OF AUTOMOTIVE ENGINEERS PREPRINT NO. k2k 

HEAT REQUIREMENTS FOR ICE PREVENTION ON GAS-HEATED PROPELLERS 

V. H. Gray 

SUMMARY 

The investigation has established that feasible rates of heated gas 
flow can provide ample surface heating of propeller blades except at the 
leading edge, where complete ice prevention requires large rates of gas 
flow, resulting in considerable wastage of heat elsewhere in the blade 
and at the discharge nozzle. This waste heat can be reduced to a small 
fraction of its original value by carefully designing the blade internal 
passage so that use is made of flow-confining partitions and metal fins 
attached at the blade leading edge. 
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